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ABSTRACT
In this research an effort is made to better understand the scour caused by obliquely 
impinging square turbulent jets in a cohesionless bed for both plunging and non-plunging 
conditons. The variables of interest are time and the jet impinging angles. Experiments 
were carried out at different test durations, five jet impinging angles and two tailwater 
conditions corresponding to the plunging and the non-plunging cases. Velocity 
measurements were conducted using a laser Doppler anemometer for jet impinging angle 
of 0°. The densimetric Froude number was maintained at ten, while the jet expansion 
ratio was held greater than ten. The results indicate that jet impinging angles and 
tailwater depths, both have an influence on the extent of scour caused by three- 
dimensional jets. Empirical equations to describe the scour depth are proposed for the 
asymptotic state and are found to be valid for a wide range of impinging angles.
iii
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CHAPTER 1 
INTRODUCTION
1.1 Introduction
Scour is a topic of importance in hydraulic engineering practice. It is a natural 
process that takes place as part of the morphologic changes of rivers and also as an 
outcome of man-made structures. Scour is the removal of soil or fill material from 
streambeds and stream banks when the hydrodynamic shear stresses exceed the sediment 
critical shear stress. Scour also occurs in cohesive materials, like clay and even in deeply 
weathered rock. Scouring can progressively undermine the foundation of a structure. 
Erosion near dam outlet works, spillways, or foundation threatens the operation or safety 
of hydraulic structures. As complete protection against scouring is usually prohibitively 
expensive, and engineers often seek ways to guide and control the process so as to 
minimize the risk of failure. This guidance comes both from controlled studies in 
laboratories and from field experience. Despite much study, the principles of analysis of 
scouring are not well established and the results of various investigations often show 
differing trends.
When a water jet enters a water body away from the boundary there is intense 
turbulent action at the point of entry. If the same jet enters a water body near a boundary 
the turbulent action results in the state of dynamic scour and the hole deepens until a 
quasi-equilibrium state is reached. At this state, usually denoted as an asymptotic state, 
the size of the hole or other geometric parameters does not change with time. Such type 
of scenario is relevant in many applications of hydrology, geomorphology and hydraulic 
engineering. Thus, the study of scour by high speed impinging flows are important for
1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
assessing the stability of hydraulic structures, such as vertical gates, flip bucket spillways, 
hydraulic jump type stilling basins and culverts that may be affected by erosion of the 
downstream bed.
1.2 Plunge Pool Scour
Occurrence of plunge pools (scour holes) is a common feature near hydraulic 
structures. Plunge pools serve as significant stream energy dissipaters, increasing flow 
resistance and enhancing stream channel stability. These features may also improve 
habitat diversity and serve as refugia for stream biota during low flow periods.
As applied to hydraulic engineering, plunge pools are common features of dam 
structures (Figure 1.1). The plunge pool is a widened and deepened section of the 
downstream channel into which the spillway discharges flow. They are an economic 
means to dissipate hydraulic energy of high speed flows and are located at the end of 
trajectory spillways or bottom outlets as applied in dam engineering. The flood discharge 
for surface spillways is first conveyed over a gated or ungated spillway crest which is 
followed by a chute. Once the discharge has reached a level close to the dam foot it is 
directed into a flip bucket and ejected in the air. The air-water jet travels through the 
atmosphere and strikes a plunge pool where the hydraulic energy is dissipated and a level 
of tailwater travels in the downstream watercourse. The energy in the jet after striking 
with the plunge pool gets dissipated by the turbulence in the pool and by shear with the 
surrounding water and with the boundaries of the pool (Pagliara et al., 2004). Plunge pool 
scour at the foot of hydraulic structures like trajectory spillways may cause structural 
undermining which may endanger the dam foundation and destabilization of the adjacent
2
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valley slopes. Thus, scour due to plunging jets are significant concerns both for structural 
foundation and are also causes of backwater due to the ridge formation, where the scour 
material is deposited.
The main concerns of the plunge pool are its structural stability, tailwater 
submergence and ridge geometry which is aggravated by the impinging high-speed jet. 
The reason that the plunge pool by trajectory spillway jets has received only limited 
attention until today is the complex experimental arrangement (Hager et al., 2004). 
Hence, limited information is available on the scour from these types of jets (Afify and 
Urroz, (1994); Minor et al., (2002); Canepa and Hager, (2003); Pagliara et al., (2006).
1.3 Scour Categories
Scour has been defined as the enlargement of a flow section by the removal of 
material composing the boundary by the action of the fluid motion (Laursen, 1952).
Scour can be divided into the following types (Breusers and Raudkivi, 1991): 
General Scour: It occurs in a river or stream as a result of natural processes 
irrespective of whether a structure is present.
Constriction Scour: It occurs if a structure causes the narrowing of a watercourse or the 
rechanneling of berm or flood plain flow.
Local Scour: It results directly from the impact of the structure on the flow. This scour is 
a function of the type of structure and is superimposed on the general and constriction 
scour.
3
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Scour can be divided based on different conditions of transport (Breusers and 
Raudkivi, 1991):
Clear-water scour: It occurs if the bed material in the natural flow upstream of the scour 
area is at rest. The shear stresses on the bed some distance away from the structure are 
thus not greater than the critical or threshold shear stresses for the initiation of particle 
movement.
Live-bed scour: It is referred to as scour with bed material sediment transport, and occurs 
when the flow induces a general movement of the bed material, i.e the shear stresses on 
the bed are greater than the critical one. Equilibrium scour depths are reached when the 
amount of material removed from the scour hole by the flow equals the amount of 
material supplied to the scour hole upstream.
1.4 Jet Classification
Flow through hydraulic structures often issues in the form of a jet. Jet is the flow 
of fluid of higher velocity emitting into the surrounding fluid of lower or no velocity 
(Rajaratnam 1976). The characteristics of jets can be influenced by the design of nozzle 
geometry (nozzle shape, nozzle cross- section) and the ambient conditions surrounding 
the jet. A jet is commonly classified as a free jet (unconfined) when it is not influenced 
by any physical/fluid structures surrounding the jet. It should be remarked that the 
characteristics of jets in confined situations have been studied to a lesser extent even 
though a number of practical situations reflect a confined three-dimensional analysis.
4
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Depending on the density of the surrounding fluid, the jet can be classified into two 
types:
i) Non-buoyant: Jet and surrounding fluid have the same density.
ii) Buoyant: Jet density is less than that of the surrounding fluid.
Based on the geometric configuration, jets are classified into four types:
i) Free Jet: The fluid flow is far from any solid boundary.
ii) Wall Jet: The fluid flow takes place at the boundary of the location of the jet.
iii) Horizontal offset Jet: The jet axis is at some distance away from 
the bed/boundary but the jet initially flows parallel to the bed.
iv) Impinging Jet: The jet flows at some angle towards the bed or boundary.
A distinction can also be made between two-dimensional, three-dimensional jets (based 
on their aspect ratios) and circular jets. Non-circular jets can have enhanced entrainment 
properties relative to comparable circular jets, due to axis rotation of the jet cross section 
resulting from deformation of vortex rings with non-uniform curvature (Sankar, 2005). 
As a result of their enhanced mixing properties non-circular jets find their applications in 
devices where mixing is a subject of vital importance. Jets are said to be submerged 
when they exit into the fluid of equal or higher density, otherwise they are said to be 
unsubmerged jets. Based on the type of flow jets are also classified as laminar or 
turbulent jets. Another distinction can be made depending on whether jet plunges into a 
waterbody. Jets are said to be plunging when they travel through air and fall into a water 
body, whereas they are called non-plunging when the jets are ejected from within the 
waterbody.
5
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Literature provides very little information about the characteristics of a jet 
emanating from a square cross-section that interacts with a sand surface. The present 
study aims to investigate clear water local scour of cohesionless soil caused by non- 
buoyant, three-dimensional (square) turbulent jets under plunging and non-plunging 
conditions.
1.5 Objectives
The present study aims to investigate and compare the scour caused by plunging of 
a three-dimensional (square) turbulent water jet with that of a non-plunging jet. In
particular, the dynamic scour resulting from the interaction of a three-dimensional jet
with cohesionless sand in unsubmerged/plunging and submerged/non-plunging 
conditions will be investigated.
The specific objectives of this study are:
1) To study the time development of scour on cohesionless sediments.
2) To study the effect of jet impinging angles.
3) To study and compare the scouring effects of the plunging jet with a non-plunging 
jet for a constant impinging distance.
1.6 Scope
The scope of the study was as follows:
1) A well-designed square nozzle was used to carry out the experiments.
2) One type of cohesionless uniform fine sand grain was used as the bed material.
3) The impinging height of the jet was held constant for both plunging and
6
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non-plunging conditions.
4) The time variations of the scour geometry were studied for different test 
conditions up to the asymptotic state.
5) At the end of each test the centerline scour profiles, perimeter of the scour hole, 
the perimeter of the ridge and the volume of the scour hole were measured.
6) The centreline velocity profiles at different downstream locations of the nozzle 
were measured by laser Doppler anemometry (LDA) measuring technique during 
the experiment for an impinging angle of 0°.
7) In order to study the effect of jet impinging angles both the sets of plunging and 
non-plunging jet experiments were done for different impinging angles (0°, 15°, 
30°, 45°, 90°).
1.7 Organization of the Thesis
This thesis is organized into five chapters. Chapter 1 refers to the scour problem 
and the issues that lead to the objectives of the thesis. Chapter 2 consists of a review of 
previous studies done by different researchers on scour caused by turbulent jets in 
cohesionless soil. Chapter 3 provides a description of the experimental setup and test 
program. Chapter 4 presents the results and analysis of data. Chapter 5 provides the 
conclusion from the present study and the recommendations for future work.
7
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Overflow
Plunge pool
Figure 1.1: Photograph showing the plunge pool from spillway, photo taken from 
the 7-Oaks dam in California; top right shows the schematic diagram of the plunge 
pool, photo taken from Azuma et al., 2006
8
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CHAPTER 2 
LITERATURE REVIEW
2.1 Introduction
In this chapter, the previous study on the scour due to jets interacting with the 
cohesionless soils has been discussed. In this review, the research carried out on scour 
caused by different types of jets has been emphasized in order to illustrate the need for 
investigation on the specific area. In this literature review, studies conducted on scour 
caused by plane wall jets, three-dimensional wall jets, offset jets as well as plunging jets 
has been discussed. The focus of this thesis is to study the scour caused by plunging jets 
at different jet impinging angles, hence special emphasis has been given to the details of 
the plunging jet case which is the area that needs further investigation.
2.2 Previous studies on scour by jets:
2.2.1 Scour by Plane Turbulent Wall Jets:
The plane wall jet is defined as a rectangular jet (having a large aspect ratio) that 
initially flows tangentially along a boundary surrounded by stationary (or moving) fluid 
(Rajaratnam, 1976). A plane turbulent wall jet, as defined by Rajaratnam (1976), is a jet 
of thickness b0 and uniform velocity U0 issuing from a rectangular slot tangentially to a 
flat plate surrounded by stationary (or moving) fluid. As soon as the jet leaves the slot or 
nozzle, it possesses tremendous scouring potential created by the high incoming velocity 
resulting in sediments immediately being dislodged from the initial flat erodible bed, 
lifted and held in suspension due to counter clockwise eddies, and then transported 
downstream at a rapid rate. Most of the jet scour studies have been carried out with plane
9
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turbulent wall jets interacting with cohesionless soils (Tarapore, 1956; Rajaratnam, 1981; 
Rajaratnam and MacDougall, 1983; Aderibigbe and Rajaratnam, 1998, Balachandar et al. 
2000). Most of these studies have been conducted at high degree of submergence. Scour 
development was found to vary logarithmically with time up to a certain time until 
asymptotic state is reached when no significant change occur (Tarapore, 1956). The rate 
of scouring seems to decrease with time. However studies by Balachandar and Kells 
(1997) have indicated the absence of an asymptotic state even at the end of 144 hours of 
testing. Balachandar and Kells (2000) have showed a cyclic behaviour of jets with 
alternate digging and refilling of the scour hole at relatively lower submergence but at 
high submergence no alternate flicking of the jet was noticed (Deshpande et al., 2007). 
Bey et al., (2006) have noted the importance of turbulent eddies in influencing scour, 
especially at the latter stages of development of scour. Rajaratnam (1981) and Ali and 
Neyshabouri (1991) found that the equilibrium maximum scour depth was mainly a 
function of densimetric Froude number (F0). At the end of every section importance of 
each variable is discussed and the evaluation of each of the parameter is carried out.
2.2.2 Three-dimensional Wall Jets:
Scour caused by three-dimensional wall jets has not been studied as extensively 
as plane jets. Rajaratnam and Berry (1977) have studied scour produced by circular wall 
jets and concluded that the main geometric characteristics of the scour hole are functions 
of the F0. Rajaratnam and Diebel (1981) has also performed experiments using a similar 
set-up at low tailwater depths. They concluded that relative tailwater depth and relative 
width of the channel do not affect the maximum depth of scour but the location of
10
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
m axim um  scour was affected. The effect of tailwater depth (H) has been studied by Ali 
and Lim (1986) on two-and three-dimensional wall jets with shallow tailwater depths and 
noted that tailwater depth had an influence on the maximum depth of scour at asymptotic 
conditions for 2.9 < F0 < 12. They found a critical tailwater depth beyond which any 
increase or decrease in tailwater causes an increase in the maximum depth of scour. This 
critical value increases with increase of F0 and the effect of tailwater is insignificant when 
H/b0> 16.
Lim (1995) has studied the effect of channel width to nozzle width ratio (expansion 
ratio, B/b0) on scour development and concluded that scour depth was unaffected when 
B/bo>10 but affected when B/b0 was 5.
Faruque et al., (2006) studied the effect of tailwater depth on local scour by three- 
dimensional (square) wall jets interacting with cohesionless soil and his results showed 
that scour depth tends to be larger at lower submergence. Importantly, he concluded that 
the densimetric F0, tailwater depth and grain size-to-nozzle size ratio, all have an 
influence on the scour development for three dimensional wall jets. Sarathi et al., (2007) 
has studied local scour caused by square jets interacting with cohesionless sand bed to 
investigate the role of nozzle size-to-grain size ratio and tailwater depth. He has observed 
that at a certain F0, the evolution of scour with time depends on nozzle size-to-grain size 
ratio, however, at asymptotic state, the scour hole parameters were found to be less 
dependent on grain size. Sarathi et al., (2007) has also found that the maximum depth of 
the scour hole depends on the tailwater depth but it is limited to H/b0 < 1 for F0 = 3.9, at 
F0 = 6.6 it is limited to H/b0 < 3. However, tailwater has a minimal effect on the
11
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maximum width of the scour hole though the length of scour hole seemed to be sensitive 
to tailwater depth at shallower conditions.
2.2.3 Offset Jets:
Ali and Neyshabouri (1991) studied scour caused by two-dimensional deeply 
submerged turbulent offset jets. Due to the plunging nature of the jet and impingement on 
the sand bed, the bed particles were found to move upstream and downstream directions 
forming two dunes. In the beginning the dimensions of the upstream dune increases faster 
than the downstream dune but after a long duration the rate of erosion became reduced. 
The maximum depth of scour has been considered to be functions of particle size, F0 and 
offset height.
Chiew and Lim (1996) also studied local scour by deeply submerged circular offset 
jets. They concluded that maximum depth of scour hole reduces with increase of the 
offset distance and attributed this to the phenomena of jet diffusion. This trend is because 
the kinetic produced by the jet is farther away from the sediment bed reducing its 
scorning ability. Thus it can be concluded that the formation of an offset scour hole is not 
only dependent on F0 but also on the offset distance.
Karki et al., (2007) has studied scour by two-dimensional offset jets and concluded 
that there was no formation of two dunes as mentioned by Ali and Neyshabouri (1991). 
Karki et al., (2007) has also studied scour by three-dimensional offset (square) jets and 
found that the shape of the geometry of the scour hole and the corresponding ridge are 
elongated longitudinally and decreased laterally as the offset distance is increased. The
12
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offset length (L0fr), defined as the distance between nozzle and the point of beginning of 
scour hole was found to increase with increasing offset distance.
2.2.4 Impinging Jets
Figure 2.1 shows the schematic diagram of a jet impinging on a sand bed. All the 
geometric parameters and symbols used in the following sections have been defined in 
the figure. A dimensional analysis by Buckingham’s pi theorem yields:
^  =  / { R e  = L A >F #  ^  ^  L  ^ (2.1)
b v bn bn b b b b0 0 0 o o o o
Here, t is the time from the start of the test, B is the width of the channel, L, is the 
impingement distance and P is the percent of air content. Based on previous studies and 
the test conditions used in the present study, the effect of Reynolds number is considered 
small.
2.2.4.1 Effect o f  Impingement heisht (himp or Lf}
Most of the studies dealing with jet impingement on sand beds have been 
empirical due to the complex nature of the process. For obliquely impinging jets, the two 
limiting cases are the perpendicularly impinging (a  = 90°) and the wall jet (a  = 0°), see 
Figure 2.1. A number of investigations have been carried out to study erosion in 
cohesionless bed by vertically impinging circular jets (Westrich and Kobus 1973, 
Rajaratnam and Beltaos 1977; Aderibigbe and Rajaratnam 1996, Rajaratnam and 
Mazurek 2003), and horizontal circular wall jets (Rajaratnam and Berry, 1977; Lim, 
1995; Chiew and Lim, 1996; Ade and Rajaratnam, 1998). However, relatively few
13
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studies have been published on the more complicated case of erosion produced due to 
oblique impingement of turbulent jets (Mih and Kabir, 1983; Pagliara et al., 2006).
It is observed that the erosion characteristics of a scour hole produced by a non­
plunging circular turbulent jets impinging at 90° to the bed at large impingement height 
himp (height of the nozzle exit above the soil bed) is different from the scour produced 
when the jet is close to the bed. For large impingement heights where the jet is fully 
developed before impinging on the bed, the maximum depth of the scour hole (£m) is
properly scaled with hjmp, and £m/ himp is mainly a function of F„ = .
JgE>(ps-p) / p
However, for small impingement heights where the potential core of the jet impinges on 
the bed, the maximum depth of scour scales with d (diameter of the jet) as £m/d and is a 
function of F0 (Rajaratnam and Beltaos 1977; Aderibigbe and Rajaratnam, 1996). For 
non-plunging circular turbulent jets flowing tangentially to the bed (a  = 0°), £m/d was 
found to be a function of only F0 (Rajaratnam and Berry, 1977) and described by the 
equation:
—  = 0.39Fo -  0.78 (2.2)
d
For the study on erosion of polystyrene bed by obliquely impinging circular turbulent air 
jet at large impingement height (Rajaratnam and Mazurek, 2002), shows that the 
asymptotic scour depth, total scour length and width of scour hole in terms of the 
impingement height as a function of Fo/(Lj/d). It is seen that the maximum scour depths 
produced by obliquely impinging jet is larger than would be produced by perpendicular 
impinging jet as in the latter case much of the sand stays suspended in a recirculating
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flow within the scour hole, which settles out when the jet is stopped (Aderibigbe and 
Rajaratnam, 1996). However, the obliquely impinging jet has a component of flow that is 
parallel to the bed, allowing greater potential for the movement of particles out of the 
scour hole. For the jet impact angle 30° to 60° the maximum scour depth (Rajaratnam 
and Mazurek, 2002) can be described by:
—  = 0.73——-------0.10 (2.3)
L, CLJd)
and for jet impact angle 7.50 and 15° the maximum scour depth can be described by:
—  = 0.77——-------0.20 (2.4)
L, (L, /d)
An experimental investigation on the study of erosion of sand beds by obliquely 
(10°, 30°, 45°, 60°) impinging submerged circular turbulent jets has been done by 
Rajaratnam et al., (1995). They has concluded that the main characteristics of the eroded 
bed profile such as maximum scour depth, height of ridge, length of scour hole are
F o
functions of parameter - . , where 2b0 is the thickness of the jet at the nozzle.
y j  himp / 2bo
One can conclude that the impingement height is an important geometric parameter 
for plunging jets. In the present study the vertical impingement height has been held 
constant (1 lb0) for both the plunging and non-plunging cases and the height is greater 
than the length of the potential core of the jet.
2.2.4.2 Effect ofTailwater depth (H)
Some investigations have been performed to examine the erosion of cohesionless 
material by submerged impinging jets, where the tail water depth is large, including those 
of Westrich and Kobus (1973), Rajaratnam and Beltaos (1977), Mih and Kabir (1983),
15
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Aderibigbe and Rajaratnam (1996) and Rajaratnam and Mazurek (2003). The outcomes 
found in the literature are usually related to circular impinging jets in submerged 
condition, whereas investigations in the unsubmerged condition are quite rare. It is 
considered that the tailwater depth is yet another important variable to understand scour 
caused by jets.
Rajaratnam and Mazurek (2003) have carried out an experimental study on the 
erosion of loose cohesionless sand beds by a plunging vertical impinging circular water 
jets at a small tailwater depth. They concluded that the maximum depth of erosion 
increases linearly with the logarithm of time for a longer time of erosion process and 
eventually reaches an asymptotic state. The asymptotic scour depths as well as the radius 
of the scour hole in terms of the diameter of the impinging jet at the level of the original 
uneroded sand bed are mainly functions of the densimetric Froude number. They also 
made a comparative study between the two distinct states of erosion, the dynamic scour 
that exists when the jet is on and the static scour that exists after the jet is turned off, and 
concluded that dynamic scour is three times the static scour in the asymptotic state. Also 
included are the results that the maximum depth of scour produced by a plunging jet is 
less than that for a non-plunging jet for 0.4 < Fo/(himp/d) <2.1 but for larger values of 
Fo/(hjmp/d) , the plunging jet produces deeper scour than non-plunging jet. The scour hole 
radius of the plunging jet is less than that produced by a non-plunging jet for F0 /(hjmp/d) 
< 1.
The effect of tailwater ratio (Height of water level above sand bed/Diameter of 
jet=H/d) was investigated for the case of plane plunge pool scour using circular
16
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im pinging  water jets for H/d=0.7-10 (Pagliara et al., 2006). The results shows that for 
impact angle 30°; H/d >5 maximum scour depth is small due to relatively high ridge,
3< H/d <4.5, ridge height increases to its absolute maximum along with small increase of 
scour depth. When H/d = 2 the ridge is eroded and the scour hole deepens, depending 
upon the grain size and water velocity. But the erosion of ridge has not been thoroughly 
analysed as sediment motion depends on other additional parameters.
Literature also shows that the ratio between static and dynamic scour depth 
depends on the jet impact angle whereas the effect of jet submergence is relatively small 
except for small angles (Pagliara et al., 2004). Thus, a thorough investigation is needed to 
study the effect of scour due to obliquely impinging water jets on sand beds with varying 
degrees of submergence. The present study investigates and compares the scour caused 
by the plunging with the non-plunging jets such that the distance from the nozzle opening 
to the free surface is held constant at lb0, while the impingement height is also constant. 
This results in H/b0 being slightly greater for the non-plunging jets.
2.2.4.3 Effect o f  Time (t)
Many of the previous studies were interested only in the scour hole dimension 
due to an impinging circular turbulent jet (Rajaratnam and Beltaos 1977; Rajaratnam 
1981; Blaisdell and Anderson 1991; Borman and Julien 1991). It seems that during a 
significant portion of the erosion process, the maximum depth of erosion varies linearly 
with the logarithm of time (Rajaratnam, Beltaos 1977) and departs from this trend to 
approach an asymptotic state. Empirical equations to predict the quasi-equilibrium depth 
of scour hole have been summarized based on the experimental data by these researchers. 
Blaisdell et al. (1991) expressed the scouring process using semi-log, log-log, and
17
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hyperbolic functions and discussed how an equilibrium scour depth is achieved. He also 
indicated that the time scale of the scour is related to the quasi-equilibrium scour hole 
depth. On the other hand, fewer studies concentrate on the process of scour hole 
development. As has been pointed out by Blaisdell et al. (1991), that the sediment 
transport process in a plunge pool shows that sediment particles are detached and 
entrained by turbulent burst or fluctuations of flow properties caused by the impinging 
jet, even when the mean shear stress is smaller than the critical shear stress for a given 
bed material.
Rouse (1939) has studied the scour under two-dimensional vertical jets, and 
obtained that, for a given flow geometry, sand bed, and duration of scour, follow a 
relationship between scour depth and the logarithm of time as: 
ds V—  = K{— ~ 1) (2.5)
dt W
where V is the velocity, W is the fall velocity of particles and K is a constant.
Sarma and Sivasankar (1968) has done a study of scour of sand under vertical 
circular jets of water and found that for a given flow geometry, the limiting scour depth is 
Vproportional to — . The scour depth for a given discharge, jet diameter and duration of 
W
scour reduces with depth of water over the sand bed and the limiting scour depth is 
unaffected by the depth of flow. Thus their study further supported that progress of scour 
is not strictly follow a logarithmic rule but is only approximate to it and the scour depth 
and time relationship is a tan'1 function.
18
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Thus, one can conclude that time is one of the most important parameters of scour. 
The present study would investigate the time variation of the scour process for both the 
plunging and the non-plunging jets up to the asymptotic condition.
2.2.4.4 Effect o f  Air Entrainment (B)
Effect of air entrainment on the depth of scour of plunge pool scour has been 
studied by various researchers like Blaisdell and Anderson (1991); Afify and Urroz, 
(1994); Minor et al., (2002); Canepa and Hager, (2003); Pagliara et. al, (2006) and their 
results show that for air-water mixture velocity, scour depth decreases significantly due 
to the addition of air to the jet.
To show the effect of entrained air on the scour depth, Afify and Urroz, (1994) 
has done a series of experiments in a sand bed plunge pool by means of circular jets at 
different jet impact angles and flow velocities. It was found that air entrainment reduces 
the scour depth as the jet dissipates more energy due to the formation of bubbles in the 
plunge pool resulting in the decrease of the scour depth.
In order to investigate the effect of air concentration of a water jet on plunge pool 
scour, Minor et al., (2002) have used a pre-aerated pressurized flow with a pipe, instead 
of using the complete arrangement involving chute and bottom aerators to create an 
aerated jet. It was demonstrated that the maximum scour depth due to pure water jet 
varies linearly with the F0 and an increasing air concentration of the jet impinging on the 
tailwater and underlying sediment reduces the maximum scour depth.
The effect of air discharge on plunge pool scour was investigated by Canepa et 
al., (2003) using an air-water jet from a circular pipe impinging on a sediment surface.
19
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The result shows that for air-water mixture velocity, the scour depth decreases 
significantly due to the addition of air to the jet.
The effect of jet air content plays an important role in case of plunge pool scour. 
In order to understand this effect Pagliara et al.,(2006) performed experiments in a 
rectangular channel using a circular pipe of water in which air was added uniformly to 
compare with the prototype conditions with the air discharge decreasing from the jet 
contour towards the jet core. Four jet impact angles were chosen (a  = 30°, 45°, 60°, 90°) 
and tests were done for submerged as well as unsubmerged conditions. The results show 
that effect of jet air content is slightly larger for unsubmerged jet than for submerged jets. 
But more detailed investigations are necessary to produce the final design criteria.
The present study deals with the scour caused by clear water jet both for the 
plunging and the non-plunging conditions.
2.2.4.5 Effect o f jet impinsins anele (a)
An experimental program to study the plane plunge pool scour of a completely 
disintegrated rock surface was conducted by Pagliara et al.,(2006) and it was seen that the 
maximum scour depth both for submerged and unsubmerged case (a  = 30°, 45°, 60° and 
90°) may be fitted as:
Sm= -0.38 sin(a+22.5°) Fd90, 2< Fd <20 , 30° < a  < 90° and H ~ 3.5 d. (2.6)
The effect of the jet impinging angle was originally assumed to be following a sine 
function, but the data sets indicated that the scour depth is larger for a  = 60° than 90°. 
This was explained due to the deposition/ridge height is significantly larger for a  = 60° 
than 90° because less sediment is suspended in the more confined scour hole of a vertical
20
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jet. Another reason was that the ridge erosion is larger for a  = 60° than 90° jets (Pagliara 
et al., 2006).
Previous studies carried out by Westrich and Kobus (1973) on vertical jet 
classified asymptotic scour holes as either “scour form I” or “scour form II”, depending 
on the interaction of the flow field with the bed. Aderibigbe and Rajaratnam (1996) 
classified the flow patterns over the asymptotic scour holes as either the Strongly 
Deflected Jet Regime (SDJR) or the Weakly Deflected Jet Regime (WDJR). However, 
WDJR or SDJR were found to be similar to the earlier defined scour form I and scour 
form II respectively. As defined by Aderibigbe and Rajaratnam (1996) in this flow 
regime the jet penetrates the bed and gets strongly deflected, transporting eroded material 
out of the scour hole by suspension. Due to the reduced transport capacity of the 
deflected jet at larger radial distances, the bed material is deposited in the inner sides of 
the scour hole and thus slides towards the center of erosion and thereby causes renewed 
erosion. This flow regime is quite distinctive due to the re-circulatory flow and its 
interaction with the sand surface. On the other hand in case of WDJR, the jet has a weak 
penetration into the bed and as a result there is reduced interaction with the bed. The jet is 
weakly deflected, travelling the boundary of the scour hole as far as the crest of the ridge. 
This flow transports the eroded material out of the scour hole along the bed, as a result 
the scour hole slope varies significantly.
The present study aims to investigate the effect of the jet impinging angles (0°,15°, 
30°, 45° and 90°) kept at a constant impinging distance for both the plunging and non­
plunging conditions.
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2.3 Evaluation from Previous Studies
A review of the literature reveals that scour caused by circular plunging jets have 
been studied with respect to different influencing hydraulic parameters, whereas scour 
problem due to the square turbulent plunging jets is almost absent. Most of the literature 
shows vertical impingement whereas results on oblique impingement of water jets on 
sand beds seem to be limited.
Local scour is a time-dependent process that results from the high velocity flow 
through or over hydraulic structures. There have been a numerous studies of scour, 
particularly in cohesionless materials, but due to the complex nature of the flow and its 
interaction with sediment bed, the problem remains not well understood. Most studies of 
scour have concentrated on scour in deep water, hence the effect of varying tailwater has 
not been fully studied. Hence, the role of tailwater depth and also the time variation of the 
scour process needs further detailed study.
The effect of the submergence of jet and the effect of the jet impinging angle 
needs further investigation. There is also a need to understand the flow behaviour of the 
spatial plunge pool scenario and the three-dimensional pattern of the flow. In addition 
there is a need to obtain empirical expressions for the better prediction of scour hole 
parameters considering the effects of jet impinging angle, tailwater depth, jet plunging 
height, time and the air content in the jet both for the plunging and the non-plunging 
cases.
In the present study the parameters F0, U0, d50, b0, v, B and himp are held constant 
whereas t, H, Li, a  are varied. The jet air-content has not taken into account in the present 
study.
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Thus, the functional relationship in (2.1) reduces to:
em scH  U t  L, , 
b J x b b b
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Figure 2.1: Definition of the scour parameters
24
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 3 
EXPERIMENTAL SETUP AND PROCEDURES
3.1 Introduction
An open channel flume has been used in carrying out the experiments of the 
present study of scour caused by obliquely impinging square turbulent jet. The schematic 
drawing of the open channel flume and the experimental setup is shown in Figure 3.1. 
The experimental setup, the nozzle, the properties of the bed materials and the laser 
Doppler anemometer that is used to measure the velocity distribution has been described 
in this chapter.
3.2 Experimental setup
The experiments have been conducted in a recirculating 10 m long, 0.9 m deep and 
0.625 m wide open channel flume at the University of Windsor. The sides and the bottom 
of the flume is made up of transparent tempered Plexiglas, which facilitates the optical 
access for measuring the velocity using laser Doppler anemometer (LDA). The flume is 
permanent equipment and the quality of flow has been confirmed in previous studies. The 
bottom slope of the flume is adjustable but it was kept horizontal for the present study. 
The header tank is mounted on the top of the flume by means of scaffoldings which helps 
in the removal of the air in the flow and also facilitates in keeping the constant head of 
water throughout an experiment. The constant flow rate is also monitored by means of 
the flow meter installed in the set up. The header tank is 24 inch square and 20 inch deep, 
made up of plexiglass and wood. Only one side of the header tank is made up of 
plexiglass for optical view of the water level and all other sides including the bottom is
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made of wood. A fine sand bed, 0.26 m deep, 0.625 m wide and 2 m long was prepared 
in the flume and levelled properly below the nozzle invert. At the end of the sand bed a 
sand trap was provided to prevent any accidental transport of sand into the recirculating 
water and the pump assembly. A digital point gauge with a resolution of 0.01 mm was 
mounted on a traversing system for measuring the scour profiles.
3.2.1 The Nozzle:
A  well designed nozzle with a 10 mm x 10 mm exit cross-sectional area (b0) was 
used to generate the three-dimensional impinging jet, exiting onto a sand bed. Details are 
shown in Figure 3.2. The nozzle and supporting structures allow for the desired change of 
the jet impact angle. Turbulence reducing screen and flow straightners are installed at the 
entrance to the nozzle to minimize large scale turbulence. The ratio of the width of the 
channel to the nozzle width is 62.5 which are well above the recommended value of ten 
(Lim, 1995) to avoid side wall effects. Prior to the start of each experiment, the quality of 
the flow was verified by calibrating the flow meter every time to ensure accuracy of the 
flow rate.
3.2.2 Sand Bed:
A bed made up of sand particles was used to prepare the bed. Grain size analysis 
was carried out and the grain size distribution curves are shown in the Figure 3.3. The 
gradation measurements of the sand particles are tabulated in Table 3.1. From hydraulic 
point of view, Breusers and Raudkivi (1991) noted that if dgs/ds < 4 or 5, then the sand is 
uniform, and similarly if the geometric standard deviation, a g defined as (dg^d^)0 5 < 
1.35, then the sand may be considered uniform. For mixtures which do not meet these
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criteria, the non-uniformity of grain size reduces the resistance to flow and transport of 
sediment. The 50 % diameter on the grain size distribution plot is called the geometric 
mean diameter dg, hence the use of d50 is adequate for relatively narrow grain size 
distributions. The characteristics of the sand particles indicate that the sand can be 
considered to be uniform from hydraulic point of view. The specific gravity of the 
present sand type has been considered as 2.65.
3.3 Measurements
The desired velocity required for every experiment was set by adjusting the valve 
on the pipe from the header tank and by setting the desired tailwater height. For 
measuring velocity, a single-component fiber-optic laser Doppler anemometer, or LDA 
(Dantec Measurement Technologies Inc.) was used. This technique has been well used 
and several researchers have used the same system (Faruque et al., 2006, Bey et al., 2006 
and Sarathi et al., 2007)
The present LDA system has been powered by 300-mW argon-ion laser. The 
optical systems include a Bragg cell, a beam expansion unit and a 500 mm focussing 
lens. The LDA system was operated in backward scatter mode. The measuring volume 
for the present configuration was 0.124 x 0.123 x 1.65 mm3. Tracer particles were added 
during the velocity measurements. Hollow glass spheres of size 12 microns were used as 
tracer particles. Due to restrictions imposed by the geometry of the transmitting optics 
and the channel support structures, no measurements were possible at locations closer 
than 2b0 (20mm) downstream of the nozzle exit. Measurements were conducted along the 
centreline of the channel at different stations (5 < x/b0 < 55). Typical data rates of 10 ~
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150 Hz were obtained and the maximum data acquisition at each measurement location 
was set to 5000 particles.
At the end of the test the scour profiles were measured by the digital point gauge 
after draining the water out of the flume by opening the tailwater control gate. To 
measure the volume of the scour hole at the end of the experiment, the procedure 
suggested by researchers like Ali and Lim (1986), Faruque et al., (2006) and Sarathi et 
al., (2007) was used. This involved neatly spreading out a thin sheet of plastic in the 
scour hole region and pouring known volumes of water until the water surface touched 
the tip of the point gauge, which was adjusted to the original sand bed level.
3.4 Test Conditions
A summary of the test conditions is presented in Table 3.2. In total 30 experiments 
were conducted under unsubmerged or plunging conditions (water level is lb0 below the 
nozzle bottom) with a tailwater depth of 10bo and 30 more experiments for submerged 
condition or non-plunging condition (water level is lb0 above the nozzle top) with a 
tailwater depth of 13b0. One type of sand sample (d5o = 0.71 mm) has been used for all 
experiments. Few experiments have been repeated to ensure repeatability. The jet exit 
velocity was kept constant at 1.09 m/s which corresponds to a jet exit Reynolds number 
(Re= U0bo/v) of 1.1 x 104. This value can be considered to be high enough for fully
turbulent conditions to prevail. The flow Froude number Fr = is 3.5 and the
jgbo
densimetric Froude number F<> = .—  is 10. Both the plunging and non-
ylg(Ap/p)dso
plunging cases were examined for jet plunging angles of 0, 15, 30, 45 and 90 degrees by
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adjusting the nozzle accordingly. For each angle the tests were run for 1, 3, 6, 24, 48 and 
72 hours and it was observed that there was no considerable change in scour hole 
geometry after about 48 hours. However, all the experiments were conducted for 72 
hours as well.
3.5 Test Procedure
The sand surface is levelled to provide zero slope and saturated prior to the start of 
the test. Water is filled in the flume and the pump is started to fill up the constant head 
tank. Prior to the start of the test the required flow velocity is adjusted using the inline 
calibrated flowmeter. Then each test as indicated in the Table 3.2 was continued for the 
required duration. In all test cases, the final equilibrium scour condition was also 
obtained (t = 72, 96 hours). Following a test run, the geometric profiles of the scour hole 
and the ridge are obtained using a digital point gauge with an electronic display unit after 
stopping the flow and slowly draining the water from the bed. The point gauge is set on a 
traverse which could be moved in the longitudinal as well as the traverse direction. The 
digital point gauge has a resolution of ±0.01 mm. Important scour parameters include the 
centreline scour profile, plan view of the scour hole, ridge perimeter, maximum scour 
depth, width, length of scour, maximum ridge height, location of maximum ridge height, 
maximum ridge width, location of maximum ridge width and the distance of the end of 
the ridge from the nozzle exit. Maximum scour dimensions are measured with respect to 
the original bed level. Volume of the scour hole is calculated by the method of Ali and 
Lim (1986) and used by previous researchers like Faruque et al., (2006) and Sarathi et al., 
(2007). Digital photographs are also taken after each test run.
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Quantity Sand Bed
dso(mm) 0.71
d84 (mm) 0.82
d i6 (mm ) 0.60
a g = (dgVdie)0 5 1.17
Table 3.1: Gradation measurements of the sand bed
Test
#
Test
Case
F0 Fr hjmp/bo Li/b0 H/b0 dso/bo a
(deg)
Test Duration 
(hrs)
A Plunging 10 3.5
11
00
10 0.071 0 1 ,3 ,6 ,24 ,48 , 72
B Non­plunging 10 3.5 13 0.071 0 1,3 ,6 , 24,48, 72
C Plunging 10 3.5
42.5
10 0.071 15 1 ,3 ,6 ,24 ,48 , 72
D Non­plunging 10 3.5 13 0.071 15
1 ,3 ,6 ,24 ,48 , 72, 
96
E Plunging 10 3.5
22.0
10 0.071 30 1 ,3 ,6 ,24 ,48 , 72
F Non­plunging 10 3.5 13 0.071 30 1,3 ,6 , 24,48, 72
G Plunging 10 3.5
15.6
10 0.071 45 1 ,3 ,6 ,24 ,48 , 72
H Non­plunging 10 3.5 13 0.071 45 1 ,3 ,6 ,24 ,48 , 72
I Plunging 10 3.5
11.0
10 0.071 90 1 ,3 ,6 ,24 ,48 , 72
J Non­plunging 10 3.5 13 0.071 90 1,3 ,6 , 24,48, 72
Table 3.2: Summary of test conditions
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(a)
SIDE VIEW STRAWS
(b)
Figure 3.2: (a) Photograph of the square nozzle
(b) Side view of the square nozzle (measurements given 
in mm)
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Figure 3.3: Sand grain size distribution
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CHAPTER 4 
RESULTS AND DISCUSSION
4.1 Introduction
In this chapter, the results of the experiments are discussed. A qualitative 
description of the flow field is first provided. This is followed by the discussion on the 
evolution of the scour process both for the plunging and the non-plunging cases. 
Quantitative comparisons between the plunging and the non-plunging cases are also 
presented.
4.2 Non-plunging case
4.2.1 Stages of Scour process
At a  = 0°, as the jet exits the square nozzle into the ambient fluid, it expands in all 
directions. Due to the proximity of the free surface the tendency to expand laterally is 
higher. This has been noticed in previous studies dealing with jets near free surfaces 
(Sankar et al., 2007). There is no sign of bending of the jet towards the sand bed even 
after 24 hours of testing. Consequently no scour of the bed material occurs. At a  = 15°, 
when the jet exits the nozzle into the waterbody, the jet strongly interacts with the free 
surface and after traveling farther, it interacts with the sand bed. Scouring action is not 
initiated immediately and after the first few minutes (/ ~ 300 secs), some sand motion 
commences, at a considerable streamwise distance away from the nozzle. With time the 
scour hole tends to take an elongated streamlined shape. For t > 600 secs, the jet energy 
causes the sand particles to lift, forming the scour hole while the transported sand forms a 
ridge all around the scour hole. With increasing time, the depth of scour increases while
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retaining the same elongated shape of the hole. For example, at / = 1 hr, the scour hole 
shape shows a streamlined shaped scoured region with small ridge all around the scour 
hole (Figure 4.1a). At t = 6 hours, the scour geometry takes on an elliptical shape which 
continues to persist up even at an asymptotic state. The jet expansion is primarily in the 
direction of the jet axis thus, the scour hole has a stream wise extension resulting in an 
elliptical scour hole. Figure 4.1 presents the time development of the scour geometry for 
a  = 15°.
With the increase of the jet impinging angles (a  = 30° and 45°), the jet impinges on 
the sand surface immediately and the jet expands in both lateral and longitudinal 
directions. For a  = 90°, the jet diffusion takes place exactly below the nozzle bottom. One 
can note that for a  = 30°, 45° and 90°, the interaction of the jet with the sand bed takes 
place soon after the jet flow is commenced. A scour hole is formed and gradually grows 
in size. With the progress in time, the depth of scour increases while retaining the same 
general shape of the hole which is nearly circular for 30° and 45° and circular for 90°. As 
the angle increases from 30° to 90°, a vortex develops upstream of the jet impact zone 
which results in the flow to diffuse radially from the jet impact zone. Thus, the tendency 
of the jet to expand laterally increases and the scour hole shape changes consequently. A 
typical set of photographs at t = 6 hours clearly illustrates this trend (Figure 4.2). With 
time, the jet expands into a larger volume and as such diffuses at a faster rate. Gradually, 
an asymptotic state is reached. Further, for a  = 45° and 90°, at all times during the flow, 
one can note large amounts of sand to remain in suspension within the scour hole during 
the jet flow and is deposited in the hole when the jet is stopped.
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4.2.2 Scour Profiles
Figure 4.3 shows a comprehensive summary of the time development of the scour 
geometry along the nozzle axis for all jet impinging angles for t = 1 to 72 hours. In each 
row, the centerline scour profiles, plan view of the perimeter of scour hole and the 
corresponding plan view of the ridge are presented for a given time. Each column shows 
the change in profiles over time. For example, the middle column shows the variation of 
the perimeter of scour hole from t = 1 to 72 hours.
From Figure 4.3a, one can note that for a  = 15° and t = 1 hr, the scour profile is 
elongated in shape. This is because the flow is mostly in the direction of the jet axis. 
Further, the distance of the start of the scour hole from the nozzle (L0fr) is 21b0, the 
location of the maximum depth of scour hole (xm) is 34b0 and the maximum depth of the 
scour hole (sm) is 16b0. On increasing the jet impinging angle to a  = 30° and 45°, 
respectively, the distance of the scour hole from the nozzle is reduced and the location of 
the maximum depth of scour hole gets closer to the nozzle. At a  = 90° they occur right 
below the nozzle. This is because on increasing the jet impinging angle, the jet impact 
zone comes nearer to the nozzle and it is directed more towards the bed. The maximum 
depth of scour hole increases while the angle increases from 15° to 45° while it is smaller 
at a =  90°. For obliquely impinging jets (15° to 45°), there is a component of flow 
parallel to the bed allowing greater potential to cause scour. For a  = 90° the reduction of 
scour depth is due to suspension of sand within the scour hole while the jet is flowing. 
When the jet is stopped these suspended sands settle down in the scour hole. Similarly, 
the ridge height (ho) increases from 15° to 45° and decreases for 90°. The asymptotic
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state of scour is reached at t = 72 hours in all cases except for a  = 15°, where the 
asymptotic state is attained at t = 96 hour (Figure 4.3f).
Figure 4.3g shows that at t = 1 hour, the shape of the scour hole perimeter 
changes from elliptical for a  = 15° to a nearly circular shape for a  = 30° and 45°, while 
the shape of the scour hole is exactly circular for a  = 90°. At a  = 15°, as the jet exits the 
nozzle, there is a tendency to have a larger sized hole in the direction of jet flow. With the 
increase of jet impinging angle from a  = 15° to 45°, the tendency to expand laterally 
increases and the size of the scour hole changes consequently. In addition, with the 
increase of the jet impinging angle, a vortex develops upstream from the jet impact zone 
resulting in a less elongated scour hole. Between a  = 30° and 45°, the jet flow is no 
longer axial and water flows more radially from the jet impact zone. This is also reflected 
in the change of the scour hole length and width. The length of the scour hole (Ls) 
decreases from a  = 15° to 90°, whereas the width of scour hole (w) increases from 
a  = 15° to 45°.
Figure 4.3m shows that at t = 1 hour, the shape of the ridge perimeter changes 
from an elongated shape for a  = 15° to a nearly circular shape for a  = 30° and 45°, while 
the shape of the ridge perimeter is circular for a  = 90°. This phenomenon happens during 
all test runs lasting from 1 to 72 hours (Figure 4.3m-r). The reasons stated earlier for the 
scour hole geometry are considered to be applicable in this case as well.
4.3 Plunging case
4.3.1 Stages of Scour Process
As the jet exits the nozzle and plunges into the waterbody, the jet expands rather 
quickly in the streamwise direction for a  = 0°. Following this, the jet expands in the
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lateral direction, albeit slower. With the increase in the jet impinging angles (a = 15° to 
45°), the tendency of the jet to expand laterally increases. For a = 90°, the jet expands 
uniformly in radial directions.
For all flow conditions except for a  = 90°, as the jet plunges into the waterbody 
and interacts with the sand bed, vigorous scour action starts immediately and the scour 
hole progresses rather quickly in the longitudinal direction. The scour hole expands in the 
lateral direction as well but at slower rate. The jet energy causes the sand particles to lift 
forming the scour hole and the transported sand forms the ridge downstream of the scour 
hole. In few minutes, the scour hole and the ridge take on a definite shape. With time, the 
depth of scour increases while retaining the same general shape of the hole, which is 
more or less elliptical for a jet impinging angle of 0° and 15°, tending to be nearly 
circular for 30° and 45°, and circular for 90°. A typical set of photographs at t = 6 hours 
clearly illustrates this trend (Figure 4.4). Following the scour hole, flow has to negotiate a 
ridge of significant size and particles could be seen to be slowly rolling down the ridge 
past the crest. The particles would clearly require a significant amount of energy to go 
past the ridge which has to be drawn from the mean motion of the jet. This energy 
decreases as the jet expands and interacts with the bed. With further passage of time, the 
dimensions of the scour hole do not change significantly and a quasi-equilibrium stage is 
reached. It has been seen that for all jet impinging angles, the asymptotic state is reached 
at about t = 72 hours. A typical set of photographs at a  = 15° clearly illustrates the 
development of the scour hole geometry with time (Figure 4.5).
For tests with the jet impinging at 0°, for t > 1 hour, in addition to the longitudinal 
growth of the scom hole and the formation of the ridge, occasionally some sand particles
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near the ridge crest tends to roll down towards the scour hole while some particles are 
rolled up the ridge crest. This occasional rolling of sand particles near the ridge crest 
continues upto t ~ 21 hours but at a reduced rate. Turbulent bursts can be seen to occur 
near the scour hole contributing to the transport of sand particles after about t = 48 hours. 
For t > 48 hours, bursts are the only mechanism inducing sand grain motion in the 
vicinity of the maximum depth. The importance of the turbulent bursts is described by 
Bey et al., 2006. These bursts occur quite frequently and the frequency of occurrence 
decreases with the progress of time. The phenomena of the rolling down of the sand 
grains near the ridge crest and the sand motion due to turbulent bursts are not observed 
for any other jet impinging angles.
For an impinging angle of 15°, 30 and 45°, there is vigorous scouring due to the 
oblique impingement of the jet towards the sand bed. The obliquely impinging jet has a 
component of flow that is parallel to the bed, allowing a greater capacity for transport of 
particles out of the scour hole (Rajaratnam and Mazurek, 2003). Upstream of the jet 
plunging zone, sediment is not scoured but slides by avalanches into the scour hole, from 
where it is entrained by the jet and moved up the scour hole towards the ridge crest. 
Further at all times during the flow, for the jet impinging at a  = 45° and 90°, large 
amounts of sand to remain in suspension within the scour hole during the jet flow and is 
deposited in the scour hole when the jet is stopped.
4.3.2 Scour Profiles
Figure 4.6 shows the development of the scour geometry along the nozzle axis for 
all jet impinging angles with time. Similar to Figure 4.3, in each row, the centerline scour
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profiles, perimeter of scour hole and the corresponding ridge perimeter are presented for 
a given time. Each column shows the change in profiles over time.
Figure 4.6a shows that for a  = 0° and at t = 1 hr, the distance of the scour hole 
from the nozzle bottom (L0ff) is 17b0 and the location of the maximum depth of scour 
hole (xm) is 31.5 b0. On increasing the jet impinging angle from 15° to 45°, L0ff and xm get 
closer to the nozzle (for example at a =  45°, L0ff = 4.1b0, xm = l l . lb 0) and are right 
below the nozzle for a  = 90°. The maximum depth of scour hole increases as a  
increases from 0° to 30° and it decreases when the jet impinging angle is between 45° 
and 90°. For a  = 45°, a part of the flow gets deflected by the sediment ridge in the 
upstream direction and transports the eroded material out of the scour hole by suspension. 
For a  = 90°, as the jet penetrates the bed, it gets strongly deflected towards itself which 
causes much of the sand to remain suspended in the within the scour hole and is 
deposited when the jet is stopped. This accounts for the decrease in the scour depth. 
Further, the ridge height increases from 0° to 30° and decreases for 45° and 90°. This 
description is similar at all time instants for t = 1 to 72 hours (Figures 4.6a-f).
Furthermore, Figure 4.6g, shows that for t = 1 hr and a  = 0° to 90°, the length of 
the scour hole decreases with the increase of angles. This is due to the lateral diffusion of 
the jet with the increase of jet impinging angles. However, the width of the scour hole 
increases from a  = 0 0 to 30° and decreases for 45° and 90°. Thus, the length to width 
ratio of the scour hole decreases from a  = 0 ° to 45° and it is almost equal for 90°. This 
length to width ratio is reflected in the change of shape of the scour hole from more or 
less elliptical to a circular shape. Thus, one can note that this description is similar at all 
time instants for t = 1 to 72 hours (Figures 4.6g-l).
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Figure 4.6m, shows that at t = 1 hour, except for a  = 90°, the shape of the ridge 
perimeter does not show any noticeable change of shape for a  = 0° to 45°. This 
description is similar at all time instants from t = 1 to 72 hours (Figure 4.6m-r).
4.4 Non-plunging v/s Plunging scour process
Figures 4.7, 4.8, 4.9 and 4.10 show the comparison between the time development 
of the scour geometry for all jet impinging angles a  = 15° to 90° for both the plunging 
and the non-plunging jet conditions. Since there is no scour formation for a  = 0° for the 
non-plunging case, it is not included in the description. From Figure 4.7a, for a  = 15° at t 
= 1 hr, the distance of the start of the scour hole from the nozzle bottom (L0ff) for 
plunging case is 13.5b0 whereas it is 21b0 for the non-plunging case. The variation of L0ff 
with the progress of time is more or less constant for all time instants. This is similar for 
all jet impinging angles a  = 15° to 45° and for all time instants (Figures 4.7 a-f, 4.8 a-f 
and 4.9 a-f). For a  = 90°, the scour hole occurs exactly below the nozzle for both the 
non-plunging and the plunging conditions (Figure 4.10 a-f).
Futhermore, Figure 4.7a shows that for a  = 15° at t = 1 hr, the maximum depth of 
the scour hole for non-plunging jet is found to be less (em = 1.56 b0) than the plunging jet 
(£m = 4.15 b0). The same observation is also reflected in the height of the ridge (ho) which 
is greater for the plunging case than the non-plunging case. The asymptotic state for the 
plunging condition for a  = 15° is attained at t = 72 hours whereas the asymptotic state for 
the non-plunging condition is reached at t = 96 hours (Figure 4.3f).
Figure 4.8a shows that for a  = 30° at t = 1 hr, the maximum depth of the scour hole 
for non-plunging jet is found to be less than the plunging jet. The height of the ridge (ho)
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is greater for the plunging case than the non-plunging case. The same description 
continues for all time instants t = 1 to 72 hours (Figure 4.8 a-f).
Figures 4.9a and 4.10a show that for a  = 45° and 90° at t = 1 hour, the maximum 
scour depth for the plunging case is less than the non-plunging case. This behaviour is 
opposite to that stated for Figure 4.7 and 4.8. At low values of Fo/(himp/b0) ie  0.4 < 
FJ (himp/bo) < 2.1, the submerged/non-plunging jet is weakly deflected, and there is not 
much sediment in suspension within the scour hole while the jet is flowing and 
consequently, when the jet is stopped, there is no significant change in the scour hole 
geometry, which has been also observed by Rajaratnam and Mazurek, 2003. The same 
difference in the maximum scour depth is noticed for atl run times (t = 1 to 72 hours) for 
both the plunging and the non-plunging conditions. However, the asymptotic state for the 
90° plunging condition is reached much earlier (t > 24 hours) when compared to the non­
plunging condition (t > 48 hours).
Figure 4.7g shows that for a  = 15°, at / = 1 hour, the perimeter of the scour hole 
shows a change in shape from an elliptical one in the case of non-plunging condition to a 
more or less circular shape for the plunging condition. The length of the scour hole is 
greater for non-plunging condition than plunging condition, whereas the width of the 
scour hole is greater for plunging condition than the non-plunging condition. The same is 
also observed for a  = 30°, at t = 1 hour (Figure 4.8g) between the plunging and the non­
plunging condition. This phenomenon is similar for all time instants (t = 1 to 72 hours) 
for both the jet impinging angles, a  = 15° and 30° (Figure 4.7 g-1, 4.8 g-1).
42
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Further, for a  = 45° (Figure 4.9g-l), it is noticed that the scour hole shape is more 
or less circular for both the test conditions for t = 1 to 72 hours. This is because the flow 
direction over the scour hole is radial from the jet impact zone.
For a  = 90° (Figure 4.10g), the shape of the scour hole is circular for both flow 
conditions. Furthermore, the radius of the scour hole is slightly greater for the non­
plunging condition than the plunging condition. This is because the plunging jet is more 
strongly deflected than the non-plunging jet resulting in a smaller scour hole radius 
(Rajaratnam and Mazurek, 2003). This description of the shape of the scour hole is 
similar for all time instants (Figure 4.10 g-1).
The perimeter of the ridge for a  = 15° at t = 1 hour (Figure 4.7m) shows a change 
of shape from an elongated one in case of the non-plunging condition to a more or less 
circular shape for the plunging condition. With time (t > 24 hours) the shape of the ridge 
perimeter gradually changes to a more or less circular shape for both the flow conditions. 
For a  ranging between 30° and 90°, and for t = 1 to 72 hours, the shape of the ridge 
perimeter does not show any noticeable change of shape for the two test conditions 
(Figures 4.8m-r, 4.9 m-r, 4.10m-r). Further, for a  = 90° (Figure 4.10m-r) the radius of the 
ridge for the non-plunging condition is slightly greater than the plunging condition for all 
time instants.
Overall, for small jet impingement angles (15° < a  < 30°), the difference in the 
scour geometry between the non-plunging and the plunging condition is more prominent. 
It is observed that for a  > 45°, the difference in the scour geometry is further reduced. In 
order to investigate whether the tailwater depth has an influence on the scour geometry 
for a  > 45°, some additional tests are done for a  = 90° and the tailwater depth of 12b0.
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The results show that for vertical jet case, the tailwater depth has minimal effect (Figure 
4.11) on scour geometry. In addition, the vertical jet flow shows some distinct 
characteristics for both the plunging and non-plunging conditions.
In the present study, the vertical jet flow in the plunging condition behaves as 
Strongly Deflected Jet Regime (SDJR) as defined by Aderibigbe and Rajaratnam (1996). 
In this flow regime the jet penetrates the bed and gets strongly deflected, transporting 
eroded material out of the scour hole as suspension. Due to the reduced transport capacity 
of the deflected jet at larger radial distances, the bed material is deposited in the inner 
sides of the scour hole and thus slides towards the center of erosion and thereby causes 
renewed erosion. On the other hand, under non-plunging condition for the vertical jet 
shows behaviour similar to the Weakly Deflected Jet Regime (WDJR) as defined by 
Aderibigbe and Rajaratnam (1996) where the jet has a weak penetration into the bed and 
as a result there is reduced interaction with the bed. The jet is weakly deflected, travelling 
the boundary of the scour hole as far as the crest of the ridge. This flow transports the 
eroded material out of the scour hole thereby increasing the scour depth.
4.5 Velocity Profiles
The velocity distribution in the region above the scour hole and the ridge was 
investigated at the near asymptotic state of the scour process. Figure 4.12 shows the 
longitudinal mean velocity measurements at ten different sections taken for the plunging 
condition. The asymptotic bed profile is also shown for better understanding of the 
physical locations of the velocity measurements. The velocity measurements are carried 
out along the plane containing the nozzle axis for the jet impinging angle of 0°.
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For the plunging case (Figure 4.12) at section x/b0= 5, the velocity profile shows 
that there is very little flow in this section as it lies behind the jet impinging zone. From 
x/b0 = 20 to x/b0 = 25, the jet expands and interacts with the sand bed. At x/b0 > 30, 
negative values of velocity occur at farther distances from the bed indicating the presence 
of reverse flow closer to the free surface.
Figure 4.13 shows the longitudinal mean velocity measurements at ten different 
sections taken during the test for the non-plunging condition for a  = 0°. As there is no 
scour formation hence no scour profile has been shown in the figure. The velocity 
measurements are carried out along the plane containing the nozzle axis. From the 
velocity profiles of the non-plunging case (Figure 4.13), it is observed that there is no 
sign of the bending of the jet towards the sand bed.
4.6 Proposed scour prediction equations
4.6.1 At asymptotic condition:
In the following section an attempt has been made for better prediction of scour 
profile at the asymptotic condition. In the present study for the obliquely impinging jet 
set at fixed impingement height, the functional relationship (2.7) shows the dependence 
of the maximum depth of scour on time (t), angular impingement distance (Lj), height of 
tailwater (H) and the jet impinging angle (a). However, the tailwater depth ratio is held 
constant for the plunging and non-plunging conditions respectively, which reduces the 
equation to:
Sm , (U t  L
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The observations of the non-plunging jet impinging at a  = 30° to 60°, has been described 
by (Rajaratnam and Mazurek, 2002) as:
—  = 0.73——------0.10 (4.2)
L, CL J d )
and for jet impact angle 7.5° and 15°, the maximum scour depth has been described as:
—  = 0.77——----- 0.20 (4.3)
L, (L, /d)
Equation (4.2) has been found to agree with the data of the present study for a  = 30° and 
45° while equation (4.3) is not validated by the present data set.
Thus, the present study aims to develop an expression taking all the jet impinging 
angles into consideration (15° < a  < 90°) for the non-plunging case and it is described by:
^  = 0.63( - ^ )  -  0.08 (4.4)
L, L J d
In order to prove the accuracy of the proposed equation, a comparison has been 
done with the experimental and the predicted results of the present study using equation 
4.4 (Figure 4.14a). The experimental and predicted results of Rajaratnam and Mazurek 
(2002) using Equation 4.4 is also included. It is seen that the prediction based on the 
equation proposed in the present study is appropriate for a wide range of jet impinging 
angles.
From the observations made in the present study, an attempt has been made to 
predict the scour expression for the plunging case for 15° < a  < 90° (since for a  = 0°, 
s m/Lj = 0). Equation for the plunging case shows that:
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T“1
—  = 0.43 (—^ —) + 0.01 (4.5)
I ,  L J d
A comparison has been made between the experimental and the predicted values 
(Figure 4.14b). The result shows that the prediction is appropriate for a wide range of jet 
impinging angles.
Overall, one can conclude that L; is an important parameter for the prediction of 
scour for non-plunging and plunging condition. This is because Lj has a strong 
dependence on the angle at which the jet impinges on the sand surface. Thus, both 
equations 4.4 and 4.5 provide better predictions of the scour at asymptotic condition for 
the non-plunging and plunging conditions respectively.
4.6.2 Variation of scour parameters with time
Figures 4.15, 4.16, 4.17, 4.18, 4.19 show the dependence of the normalized scour 
parameters on the dimensionless time ratio (U0t/b0) for the plunging and the non-plunging 
cases. All the parameters increase with time up to the asymptotic state. It should be 
remarked that it was not visually possible to actually obtain the maximum depth of the 
scour during the test. Consequently, only the data at an asymptotic condition after the 
flow was stopped is shown in the figures.
Figure 4.15(a-c) shows that the maximum scour depth is greater for the plunging 
case than the non-plunging case for a = 0° to 30° for all time instants. For a  = 45° and 
90°, it is noticed that the non-plunging condition produces greater scour than plunging 
condition for the all time instants (Figure 4.15d,e). This is because the non-plunging jet is 
weakly deflected, and there is not much sediment in suspension within the scour hole 
while the jet is flowing to settle down in the scour hole when the jet is stopped
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(Rajaratnam and Mazurek, 2003). On the other hand, for the plunging case, a large 
amount of sand remains in suspension within the scour hole during the jet flow and 
deposited in the hole when the jet is stopped. This accounts for a reduction in scour 
depth. The corresponding ridge height also shows similar behaviour for a  = 0° to 90° for 
all time instants, t = 1 to 72 hours (Figure 4.16).
Figure 4.17 shows that except for a  = 0°, the length/radius of the scour hole is 
greater for the non-plunging case than the plunging case for all jet impinging angles. 
Further, the scour width is larger for the plunging case than the non-plunging case for a  = 
0° to 30° and almost merges for a  = 45° (Figure 4.18). The volume of the scour seem to 
increase for the plunging case than the non-plunging case for a  = 0° to 30°, and decrease 
for a  = 45° and 90° for all time instants (Figure 4.19).
Thus, it is quite evident that there is a dependence of all the scour parameters on 
the tailwater depth. It is important to recognize that for small jet impingement angles (15° 
< a  < 30°) the influence of the tailwater depth is prominent. However, with the increase 
of the jet impinging angles (a  > 45°), the dependence of the scour parameters on the 
tailwater depth is reduced.
The proposed prediction of the scour profile along the nozzle invert at any 
particular time for a given U0 has been described herein. It has been found that for the 
plunging and non-plunging cases, linear approach was the best representation for the 
dependence of the scour depth on time. The present study found that there exists a strong 
correlation between time and the scour depth and are expressed in the forms:
48
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(a) Non-plunging case
For a  = 15°
em/b0 = 1.09 logio(U0t/b0) - 4.39 (4.6a)
For a  -  30°
em/b0 = 0.51 logio(U0t/b0) + 1.65 (4.6b)
For a  = 45°
sm/b0 = 0.75 logio(U0t/b0) + 0.38 (4.6c)
For a  = 90°
E m /b o  = 0.55 logio(U0t/b0) -  1.43 (4.6d)
Combining equations (4.6a, 4.6b, 4.6c, 4.6d), a logarithmic relation is found for the
jet impinging angle (a) and the maximum scour depth (sm/b0) at any particular time at
the given U0.
S m / b 0 =  A logio(U0t/b0) +B  (4.7)
where,
A =  0.002 a 2 -0.12 a + 2.51 15° < a  <45°
B = -0.016 a 2 + 1.14 -17.76 1 5 ° < a < 4 5 °
The above equation is used to find out the parameters “A” and “B” and respective
correlation coefficients R are 1 and 1.
and,
A = -0.0003 a 2 + 0.04 a  - 0.44 30° < a  < 90°
B = 0.0013 a 2 - 0.18a + 6.00 30° < a  < 90°
The above equation is used to find out the parameters “A” and “B” and respective
<y
correlation coefficients R are 1 and 1.
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The parameters “A” and “B” are plotted against the jet impinging angle in 
Figure 4.20c and 4.20d. The curve indicates that the maximum scour depth is very 
sensitive to different jet impinging angles with time.
(b) Plunging case:
For a  = 0°
E m /b o  = 0.74 logio(U0t/b0) -0.62 (4.8a)
For a  = 15°
Em/bo = 0.68 logio(U0t/b0) + 0.20 (4.8b)
For a  = 30°
em/b0= 0.51 logi0(Uot/bo) +1.51 (4.8c)
For a  = 45°
£m/bo = 0.90 logio(U0t/b0) -0.88 (4.8d)
For a  = 90°
em/b0= 0.47 logio(U0t/b0) -1.0 (4.8e)
Combining equations (4.8a, 4.8b, 4.8c, 4.8d, 4.8e), a logarithmic relation is found for 
the jet impinging angle (a) and the maximum scour depth (sm/b0) at any particular 
time at the given U0.
E m / b 0 =  A logio(U0t/b0) + B (4.9)
where,
A = -0.008 a  +0.76 0° < a  < 30°
B = 0.07 a -0 .80  0 ° < a < 3 0 °
The above equation is used to find out the parameters “A” and “B” and respective 
correlation coefficients R2 are 0.93 and 0.98.
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and
A = -0.001 a 2 + 0.07 a -1.08 , 3 0 ° < a < 9 0 °
B = -0.003 a 2 -0.36 a  + 9.85 , 3 0 ° < a < 9 0 °
The polynomial equations are used to find out the parameters “A” and “B”. The 
parameters “A” and “B” are plotted against the jet impinging angle in Figure 4.20 
(a,b). The curve indicates that the scour depth is sensitive to the different jet 
impinging angles with time.
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Figure 4.1: Pictorial representation of the time development of the scour geometry for non-plunging case for a = 15°
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Figure 4.2: Photographs showing the change of scour hole shape at t = 6 hours for
non-plunging condition.
53
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4 1
4 3
u•C
I
4 2
54
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fi
gu
re
 4
.3 
(co
nt
d)
: 
Ti
me
 d
ev
elo
pm
en
t 
of 
Sc
ou
r 
Pr
ofi
le 
for
 N
on
-p
lu
ng
in
g 
ca
se
3iI
hE
oqfl ®q/z
•q/z
S s
•V
•q/A
oe
I
I
55
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fi
gu
re
 
43
: 
Ti
me
 d
ev
elo
pm
en
t 
of 
Sc
ou
r 
Pr
ofi
le 
for
 N
on
-p
lu
ng
in
g 
ca
se
: 
(a-
f) 
ce
nt
er
lin
e 
pr
of
ile
; 
(g-
1),
 s
co
ur
 p
er
im
et
er
; 
(m
-r)
, 
rid
ge
 
pe
ri
m
et
er
56
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fi
gu
re
 4
.4
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fi
gu
re
 4
.5:
 P
ict
or
ia
l 
re
pr
es
en
ta
tio
n 
of 
the
 
tim
e 
de
ve
lo
pm
en
t 
of 
the
 s
co
ur
 
ge
om
et
ry
 
for
 t
he 
pl
un
gin
g 
ca
se 
(a 
= 
15
°)
•q/z
e
• q/z '
SO
N
«s
58
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fi
gu
re
 4
.6(
co
nt
d)
: 
Ti
me
 d
ev
elo
pm
en
t 
of 
Sc
ou
r 
Ge
om
etr
y 
for
 P
lu
ng
in
g 
ca
se
24 
hr
s
< S
oq/t'
3oe
H
I ®
59
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fi
gu
re
 4
.6:
 T
im
e 
de
ve
lo
pm
en
t 
of 
Sc
ou
r 
Ge
om
etr
y 
for
 P
lu
ng
in
g 
ca
se
: 
(a
-i)
, c
en
ter
lin
e 
pr
of
ile
; 
(g-
1),
 s
co
ur
 p
er
im
et
er
; 
(m
-r)
, 
rid
ge
 
pe
ri
m
et
er
(1S
 c
tog
-1 
hr)
 
.. 
(1
6d
eg
-1
hr
) 
 
(1t
 d
eg
-1 
hr
)
“ o?/i ■* °E
I
I
e  w
O
<0 o  10 o  «o o
N a  n  T o «
i!i
j
it
« N O
60
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
oq/zoq/2 o a e
•O
o o
'«V»
o o0<y2 m ow> e M
I!
■A9 O o
61
/•“V4>
tt M IM
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fi
gu
re
 
4.7
: 
Co
m
pa
ris
on
 
of 
sc
ou
r 
pr
of
ile
 
be
tw
ee
n 
pl
un
gi
ng
 
an
d 
no
n-
pl
un
gi
ng
 
ca
se 
for
 
a 
-1
5'
(30 
dag
-1 
hr) 
. 
(30 
dag
-1 
hr) 
1S
 
(30 
dag
-1 
hr)
oqfz
-9-
9 —
r» n
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5a 3
•*» 8 o o■o e a •A•q/l
— [ - f t -
63
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(45
 
cto
g-1
 
hr)
 
(46
 
cle
g-
1 
hr
) 
(46
 
(to
g-1
 
hr
)
r -B ---------------------- -|
9
C
<A O oin inv> e m
owzocyz
o
n
ooq/A 7
64
CD o
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
o
oqrz
«A ©o ■a w>
I s
e IO o
oq/z
o to o e © o «
N O « 0 •* O N
e
9
NO«lfttNON
oa/z ix o  «  <0 n NONoyz O N
o
99/A
•o N T
%T I o
65
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fi
gu
re
 4
.9:
 C
om
pa
ris
on
 
of 
sco
ur
 
pr
of
ile
 b
etw
ee
n 
pl
un
gin
g 
an
d 
no
n-
pl
un
gi
ng
 
ca
se 
for
 a 
= 
45
°
e g
&
-*? -oq/2
*
‘ oq/A
£
66
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
•2
.5
ocyA
.a—
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fi
gu
re
 
4.1
0:
 C
om
pa
ris
on
 
of 
sco
ur
 p
ro
fil
e 
be
tw
ee
n 
pl
un
gi
ng
 
and
 
no
n-
pl
un
gi
ng
 
ca
se 
for
 
a 
=
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
w
ithout perm
ission.
90 d«g (24 hrs)------ 4* -------
0.5
-10
-0.5
•1.5
>2.5
-10
i
C1.S
•2.5
90 deg (48 hr)
 4-.5-1-----------
0.5
-10
-0.5oe».
x/b»
Figure 4.11: Comparison between centerline scour profile for non-plunging case (H/b0 =13) and H/b0 -1 2 .
CM
■O-
o COCO CO CM CMO
69
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fi
gu
re
 4
.12
: 
Lo
ng
itu
di
na
l 
me
an
 
ve
loc
ity
 
pr
of
ile
s 
at 
di
ffe
re
nt
 s
ec
tio
ns
 a
t 
as
ym
pt
ot
ic 
sta
te 
for
 
the
 P
lu
ng
in
g 
ca
se 
for
 
a 
- 
0°
,
0*-  o 0 g
e
s
5?
|  « \  oi  n *00§
s
4 - ,
i A t < O M f O O ) Q N ( 0 I A t ( O M r O
»q/A
oU
£Voe«W
OHB
'&
BS
Bes
u
V
<2U
«
M
©
a
a
0S
wc
©
$©09•+*a©u*£]M
A
8
c
©ua
©
”3►
.a"O
2
*HtB
5
b.sMl
£
70
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Pr
ed
ict
ed
 
em
ILi
0.7 -p
0.6 -!;i
0.5 -i 
0.4
0.2
0.1
0
Equation 4.4
,.*'A
A
A
0.3 A
□  R e s e n t  S tu d y
A R a ja ra tn a m a n d  
 M azureK , 2 0 0 2
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Experimental em/L|
(a)
0.8  1-
i
0.7 i
0.6 -! 
d  ! 
1  °-6 j
^  04 i
I  0.3 \ 
(L
0.2 i
0.1
L
Equation 4.5
T~ □ Resent Study
0.1 0.2 0.3 0.4 0.5
Experimental zJ L t
(b)
0.6 0.7 0.8
Figure 4.14: Comparison between the experimental and the predicted results
(a) Non-plunging case
(b) Plunging case
71
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
6.5-; 
6
5.5 
5-
4.5 - 
4 -
{3.5
I 3
2.5 
2 -
1.5- 
1 ■
0.5-
0
Odeg
•  P u r g i n g |  
o— Noo-plunginfl!
y » 0.7406k - 0.6208 
R* ■ 0.9507
y * o
6.6
LQgJO.UbJ
a  * 15 dag
y*0.6606x+0.2022 
0.9205
y = I.OtSx - 4.3961
R? * 09795
6 6.5 7
Log„(llot/bo)
7.5
6.5 
6
5.5 
5
6.5 4
.03.5
2.5 
2
1.5 
1
0.5 
0 ■ 
5.00
'JOdtJ
y=0.5075x+1.5126 
R2= 0.0385
y=0.5075x+1.55
R =0.95
5.50 600 6.50 7.00
LbO«(U^iJ
7.50 600
N>
(a) (b)
a  *4Sdog
(C)
a  * 90 deg
6 5 6.5 ------------------------------------------------------- --  —  ------------------------
6 y*  0.7475*+ 0.3776 6
55 a 0.6661 5.5
5 - 6
4.5- 4.5
4 ■ 4 y =0 5453x -1.4287
£  3.5 y a 0.6069* *0.6846 A 33 R* a 0.9947
1  * 1
R** 0.991 1  3
2.5 2.5
2 2 ,  ....
1.5 - 1.5 - ^  y = 04677x - 0.9919
1 - 1 R*=0886
0.5 
O -
0.5 - 
0 -
5.5 0 6.5 7
Log10<UoVbo)
7.5 6 6.6 7
Log1t(U0tfb,)
7.5
(d) (e)
Figure 4.15: Variation of the maximum scour depth with time.
a»
Od
«g
 
a 
*1
5 
(teg
 
a*
30
de
g
u
•ft to ot d
Vn
«"U I 
u> '< 
+  ! 
N i
8
o n  v) vi v
w
73
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fi
gu
re
 
4.1
6:
 V
ar
ia
tio
n 
of 
he
ig
ht
 o
f 
rid
ge
 
wi
th 
tim
e.
a
80
o ■ 
as
I I
8 S 8 
•vn
« o «o o
s a a a s s "
I"8
!
8 8 8 8 5 5
*»v«n
I s
8
D>*
sII
a
f £
|
i> s £,
u
8
<0
8
o  w o  <A O U) o
N <6 to io ia V V
C9
*o ^  *0
VI
74
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fi
gu
re
 
4.1
7:
 V
ar
iat
ion
 
of 
the
 l
en
gth
 
of 
sc
ou
r 
wi
th 
tim
e.
•q /»
?T3 , 1<d ?
S 8 • f t  O  IA
•a/*
9
o
■
8
o o o
»q/M
*S
t B - 1 <0
O O
•ft O in ©
s3 w  
O)
3
. D  
D
nu
8
V □
L.
?  w
« o
•q/M
75
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fi
gu
re
 4
.18
: 
Va
ria
tio
n 
of 
wi
dt
h 
of 
sc
ou
r 
wi
th 
tim
e.
rts
Ha
8 . , §  c A
•  o 
a a
■o
«Ai-I9
§ § § 
. V a
r -
a?
•  -s 9
1 § § § § 
. V a
□»«u
§ §
— I
.V a
?*DIO*H
e
eo
s |
5
§ § 8 
.V a
76
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fi
gu
re
 4
.19
: 
Va
ria
tio
n 
of 
sco
ur
 v
ol
um
e 
wi
th 
tim
e.
Reproduced 
with 
perm
ission 
of the 
copyright owner. 
Further reproduction 
prohibited 
without perm
ission.
■'j
• A(0-30) • B(0-30)
y =-0.0078*+ 0.7596 
K*=* 0.9276
ffl
< 0.5
-0.5 y«0.O711x- 0.802 
R* = 0.9829
a(deg)
(a )
to
*
3
2
1
0
20 30 4010
y* -0.0163^+ 1.1340X- 17.761 
R**1 j
1
y* 0.0018)^- 0.1219X+ 2.51
2
3
-4
5 a (deg)
(C)
y » -O.OOOBx3 +  0.0707X -1 .078  
R> = 11.5 J
0.5
*10
<  -0.5
y *  0.0026X2 - 0.35G6X * 98499
-2.5
a (deg)
(b)
!♦ A(30-90) ■ B(30-90)
y= -0 .0003)?+  0 .0 4 1 6 x -  0 .4336
y = -0.0072X* + 0.9423X- 2T t04
a
<
11)0Mo 6020
a (deg)
(d)
Figure 4.20: Variation of curve fit parameters (A and B) with a; (a, b) Plunging case (c,d) Non-plunging case
CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
The present study deals with local scour caused by square turbulent impinging jets. 
The series of experiments cover two tailwater depths corresponding to the plunging and 
non-plunging condition. The tests were conducted for five jet impinging angles (0° < a  
< 90°) with the same densimetric Froude number and sand sample. All tests were 
conducted until an asymptotic state of scour is reached.
The major conclusions of the study are:
1. The present study has identified the evolution of the scour process for both the 
plunging and the non-plunging jet conditions.
2. The dependence of the scour parameters on time has been quantitatively 
identified. It should be noted that for the plunging case, the asymptotic state is 
reached at t = 72 hours for all jet impinging angles. On the other hand, for the non­
plunging case for a  = 0°, no scour formation has been noticed even after 24 hours of 
testing. Further, in case of the non-plunging condition, for a  = 15°, the asymptotic 
state is attained at t = 96 hours unlike other jet impinging angles (15° < a  < 90°) 
where the asymptotic state is attained at t = 72 hours.
3. It can be concluded that for small jet impingement angles (15° < a  < 30°) the 
difference in the scour geometry between the non-plunging and the plunging 
condition is more pronounced. It is evident that for a  > 45°, the difference in the 
scour geometry between the non-plunging and the plunging condition is further 
reduced.
78
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4. The vertical jet flow case shows some distinct characteristics for both the 
plunging and nnn-plunging conditions. It should be noted that the trend seen in the 
present study is similar to the earlier observation made by Rajaratnam and Mazurek 
(2003) on vertical jets. The jet remains in Strongly Deflected Jet Regime for the 
plunging case and Weakly Deflected Jet Regime for the non-plunging case as defined 
by Aderibigbe and Rajaratnam (1996).
5. In an effort to provide useful but simplified scour predicting equations at 
asymptotic condition, an attempt has been made to combine all jet impinging 
angles (15° < a  < 90°) for both the plunging and non-plunging conditions. In order to 
prove the accuracy of the equation, a comparison has been made between the 
experimental and the predicted results and it has been found that the prediction based 
on the present study are more appropriate for a wide range of jet impinging angles.
5.2 Recommendations for future studies
The present study has provided extensive observations of the scouring process 
due to a three-dimensional square turbulent impinging jet on cohesionless sand bed for 
plunging and non-plunging conditions. To further expand the scope, studies need to be 
carried out at higher densimetric Froude number (F0 > 10) and small impingement 
distance (himp < 5.5d). To clarify the effect of the grain size distribution, coarser bed 
material need to be used in future studies. This will assist in understanding the role of 
p a r t i c l e  s i z e  s e p a r a t i o n .
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APPENDIX A: Uncertainty analysis and error estimation
A.1 Introduction
In general, the experimental errors can have two components: a fixed (bias) error 
and a random (precision) error. Experimental results involve various sources of error. 
Errors could be accidental errors, fixed errors and mistakes. Each of the error exhibits the 
bias (B) and precision (P) components, which can be calculated by using the root-sum- 
square (RSS) method as follows:
where n is the total number of error sources. In the RSS method the combining of bias 
and precision errors can be done by the following equation:
The calculations used in estimating the errors involved in different measurements are 
described. Considering a quantity to be measured such as x0 units and recorded as x units, 
one can write the error (e) in x0 as,
where f  = e/x<, and can be referred as the fractional error in x0, or percentage error after 
multiplying by 100 (= 100e/xo).
If measurements such as x, y,....are used to calculate R = R(x,y,....), the uncertainty in 
the R ( W r )  can be estimated using the formula given in Figliola and Beasley (1995) as 
follows:
e  = ± J b 2 + p 2
x = x0 + e
=  X o ( l + f )
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where, wx is the uncertainty in x and wy is the uncertainty in y. The most likely 
uncertainty percentage is calculated as 100wr/R.
Thus, we see that uncertainties in a measured variable are propagated through another 
measured variable in a predictable way.
Table A.l summarises the maximum uncertainties in the measured and derived 
quantities used in this thesis.
Parameters Maximum uncertainty (± %)
X 0.4
b0 7.1
dso 3.5
F0 4.0
£m 3.5
W 0.5
Vo 3.0
£m/bo 7.4
w/b0 7.1
x/b0 0.7
Vo/bo3 4.0
U0 6.0
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APPENDIX B: Experimental data
Table B .l: Scour parameters at different times
Plunging case:
a = 0°
Time, t 
(hr)
Logio(U0*t/b0) Em
(mm)
£m/bo h0
(mm)
ho /bo w
(mm)
1 O L,
(mm)
Ls/bo Vo
(C.C)
Vo/bo3
1 5.59 33.8 3.38 35.85 3.585 146 14.6 210 21 400 400
3 6.07 39.8 3.98 39.34 3.934 159 15.9 241 24.1 550 550
6 6.37 42.7 4.265 42.34 4.234 170 17.0 246 24.6 675 675
24 6.97 44.2 4.42 43.95 4.395 182 18.2 250 25 775 775
48 7.27 48 4.796 44.57 4.457 188 18.8 257 25.7 825 825
72 7.45 48.02 4.802 45 4.5 190 19.0 258 25.8 825 825
a  =15°
Time, t 
(hr)
Logio(U0*t/bo) Em
(mm)
Em/bo ho
(mm)
ho/bo w
(mm)
w/b0 Ls
(mm)
Ls/bo Vo
(C.C)
Vo/bo3
1 5.59 41.5 4.15 37.06 3.706 153 15.3 201 20.1 400 400
3 6.07 43.1 4.31 40.15 4.015 160 16.0 215 21.5 575 575
6 6.37 43.7 4.37 42.85 4.285 164 16.4 226 22.6 610 610
24 6.97 51.4 5.14 44.64 4.464 184 18.4 244 24.4 825 825
48 7.27 51.8 5.18 45.65 4.565 196 19.6 248 24.8 875 875
72 7.45 52.1 5.21 46.26 4.626 196 19.6 248 24.8 875 875
a  = 30°
Time, t 
(hr)
Logio(U0*t/b0) Em
(mm)
Em/bo ho
(mm)
ho /bo w
(mm)
1 O Ls
(mm)
Ls/bo Vo
(C.C)
Vo/bo3
1 5.59 51.5 5.15 42.28 4.228 172 17.2 201 20.1 475 475
3 6.07 51.5 5.15 45.67 4.567 175 17.5 210 21.0 575 575
6 6.37 55.3 5.53 45.96 4.596 184 18.4 211 21.1 675 675
24 6.97 55.9 5.59 47.78 4.778 196 19.6 221 22.1 850 850
48 7.27 57.5 5.75 49.62 4.962 200 20.0 227 22.7 890 890
72 7.45 59 5.9 49.65 4.965 200 20.0 228 22.8 890 890
a  = 45°
Time, t 
(hr)
Logio(Uo*t/b0) Em
(mm)
Em/bo ho
(mm)
ho /bo w
(mm)
1 O Ls
(mm)
Ls/bo Vo
(C.C)
Vo/bo3
1 5.59 41.7 4.174 36.01 3.601 158 15.8 164 16.4 400 400
3 6.07 45.2 4.519 39.69 3.969 168 16.8 193 19.3 450 450
6 6.37 48.7 4.872 41.77 4.177 176 17.6 195 19.5 475 475
24 6.97 53.2 5.316 44.81 4.481 188 18.8 195 19.5 650 650
48 7.27 57.5 5.75 45.99 4.599 202 20.2 202 20.2 750 750
72 7.45 57.8 5.778 46.55 4.655 202 20.2 202 20.2 750 750
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a = 90°
Time, t 
(hr)
Logio(U0*t/b0) Em
(mm)
Em/bo ho
(mm)
h 0 /b0 Is
(mm)
Ts/bo V0
(C.C)
Vo/bo3
1 5.59 16.2 1.619 4.18 0.418 49 4.9 175 175
3 6.07 18.5 1.853 4.89 0.489 51 5.1 275 275
6 6.37 19.6 1.959 5.23 0.523 53 5.3 300 300
24 6.97 23.3 2.332 9.45 0.945 64 6.4 325 325
48 7.27 24.3 2.432 10.98 1.098 64 6.4 375 375
72 7.45 24.4 2.438 11.08 1.108 64 6.4 375 375
Non-plunging case:
a  =15°
Time, t Logio(U0*t/b0) Em Em/bo ho ho /bo w O
1
Ls Ls/bo Vo Vo/bo3
(hr) (mm) (mm) (mm) (mm) (C.C)
1 5.59 16.19 1.619 11.07 1.107 100.6 10.1 267 26.7 250 250
3 6.07 22.74 2.274 19.03 1.903 118 11.8 280 28.0 375 375
6 6.37 27.88 2.788 30.21 3.021 130 13.0 294 29.4 500 500
24 6.97 31.82 3.182 42.74 4.274 166 16.6 301 30.1 650 650
48 7.27 34.31 3.431 46.08 4.608 172 17.2 302 30.2 800 800
72 7.45 38.51 3.851 46.15 4.615 178 17.8 315 31.5 825 825
96 7.58 38.88 3.888 46.33 4.633 178 17.8 315 31.5 825 825
S II Co <5
Time, t Logio(U0*t/b0) Em Em/bo h0 ho/bo w w/b0 Ls Ls/bo Vo Vo/bo3
(hr) (mm) (mm) (mm) (mm) (C.C)
1 5.59 44.02 4.402 37.54 3.754 152.2 15.22 207.0 20.7 450 450
3 6.07 45.95 4.595 42.13 4.213 156 15.6 215.0 21.5 525 525
6 6.37 47.03 4.703 42.6 4.26 160 16 218.0 21.8 600 600
24 6.97 49.75 4.975 46.5 4.65 176 17.6 237.0 23.7 775 775
48 7.27 53.98 5.398 48.5 4.9 206 20.6 244.0 24.4 885 885
72 7.45 54.36 5.436 49.5 4.95 207 20.7 245.0 24.5 890 890
a ii * <3
Time, t Logio(Uo*t/b0) Em Em/bo ho ho /bo w w/bo L, Ls/b0 Vo Vo/bo3
. M _ . _ (mm) (mm) (mm) (mm) (C.C)
1 5.59 46.63 4.663 41.4 4.14 156 15.6 178.0 17.8 450 450
3 6.07 47.75 4.775 43.8 4.38 168 16.8 195.0 19.5 575 575
6 6.37 50.84 5.084 45.89 4.589 177 17.7 197.0 19.7 650 650
24 6.97 57.08 5.708 48.89 4.889 188.6 18.86 199.0 19.9 760 760
48 7.27 58.5 5.85 49.21 4.98 197 19.7 204.0 20.4 800 800
72 7.45 58.89 5.889 50.01 5.001 197 19.7 205.0 20.5 800 800
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a = 90°
Time, t 
(hr)
Logio(U0*t/b0) Em
(mm)
Em/bo ho
(mm)
ho /bo rs
(mm)
fs/bo Vo
(C.C)
Vo/bo3
1 5.59 16.33 1.633 10.48 1.048 50.0 5 225 225
3 6.07 18.76 1.876 11.02 1.102 52.5 5.25 275 275
6 6.37 20.24 2.024 11.28 1.128 54.0 5.4 300 300
24 6.97 23.78 2.378 12.13 1.213 65.0 6.5 350 350
48 7.27 25.86 2.586 12.75 1.275 66.0 6.6 390 390
72 7.45 25.99 2.599 12.89 1.289 66.0 6.6 390 390
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Table B.2: Scour profiles
Plunging case:
a = 0°
t = 1 hr t = 3 hr________________________t = 6 hr
X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo
170 17 0 0 172 17.2 0 0 169 16.9 0 0
215 21.5 -17.95 -1.795 185 18.5 -5.36 0.536 219 21.9 -20.49 -2.049
265 26.5 -32.27 -3.227 235 23.5 -26.5 Z 2.652 269 26.9 -36.22 -3.622
315 31.5 -33.8 -3.38 285 28.5 -39.35 3.935 319 31.9 -42.65 -4.265
365 36.5 -8.74 -0.874 335 33.5 -37.72 3.772 369 36.9 -32.68 -3.268
415 41.5 24.38 2.438 365 36.5 -28.7 -2.87 419 41.9 2.86 0.286
433 43.3 35.85 3.585 415 41.5 2.57 0.257 469 46.9 35.29 3.529
465 46.5 16.64 1.664 465 46.5 35.51 3.551 481 48.1 42.34 4.234
489 48.9 0 0 471 47.1 39.34 3.934 519 51.9 19.89 1.989
515 51.5 17 1.7 547.5 54.7 0 0
537 53.7 0 0
t = 24 hr t = 48 hr t = 72 hr
X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo
169 16.9 0 0
169 16.9 0 0 169 16.9 0 0 194 19.4 -15.62 -1.562
219 21.9 -26.32 -2.632 219 21.9 -26.59 2.659 219 21.9 -27.2 -2.72
269 26.9 -39.77 -3.977 269 26.9 -41 -4.1 269 26.9 -42.5 -4.25
319 31.9 -44.65 -4.465 319 31.9 -47.96 4.796 319 31.9 -48.72 -4.872
369 36.9 -34.58 -3.458 369 36.9 -36.95 3.695 369 36.9 -37.99 -3.799
419 41.9 0.94 0.094 398 39.8 -20 -2 394 39.4 -24.71 -2.471
469 46.9 35.6 3.56 424 42.4 -0.39 0.039 419 41.9 -5.96 -0.596
487 48.7 43.95 4.395 469 46.9 31.8 3.18 427 42.7 0 0
519 51.9 22.77 2.277 489 48.9 44.57 4.457 444 44.4 11.7 1.17
550 55 0 0 519 51.9 29.96 2.996 469 46.9 32.94 3.294
558 55.8 0 0 488 48.8 46.1 4.61
519 51.9 27.73 2.773
560 56 0 0
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a = 15°
t = 1 hr t = 3 hr_________________________ t = 6 hr
X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo
135 13.5 0 0 135 13.5 0 0 130 13 0 0
185 18.5 -27.11 -2.711 185 18.5 -27.19 2.719 180 18 -26.23 -2.623
235 23.5 -41.5 -4.15 235 23.5 -43.06 4.306 230 23 -43.71 -4.371
285 28.5 -30.22 -3.022 285 28.5 -39.55 3.955 280 28 -42.07 -4.207
335 33.5 -1.77 -0.177 335 33.5 -8.99 0.899 330 33 -13.76 -1.376
385 38.5 29.81 2.981 350 35 0 0 380 38 15.23 1.523
395 39.5 37.06 3.706 385 38.5 21.04 2.104 413 41.3 42.85 4.285
425 42.5 17.89 1.789 418 41.8 40.15 4.015 430 43 31.09 3.109
450 45 0 0 435 43.5 29.06 2.906 485 48.5 0 0
482 48.2 0 0
t  = 24 hr t  = 48 hr t  = 72 hr
X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo
130 13 0 0 125 12.5 0 0 125 12.5 0 0
180 18 -28.55 -2.855 135 13.5 -5.59 0.559 150 15 -18.06 -1.806
230 23 -45.51 -4.551 145 14.5 -13.69 1.369 200 20 -40.34 -4.034
280 28 -51.43 -5.143 155 15.5 -20.58 2.058 236 23.6 -51.66 -5.166
330 33 -24.25 -2.425 175 17.5 -30.3 -3.03 270 27 -52.12 -5.212
380 38 3.02 0.302 225 22.5 -45.96 4.596 300 30 -41.71 -4.171
430 43 41.1 4.11 275 27.5 -50.76 5.076 350 35 -12.85 -1.285
439 43.9 44.64 4.464 325 32.5 -26.71 2.671 369 36.9 0 0
480 48 22.32 2.232 373 37.3 0 0 400 40 23.95 2.395
503 50.3 0 0 375 37.5 1.25 0.125 437 43.7 46.26 4.626
425 42.5 40.45 4.045 450 45 41.55 4.155
433 43.3 45.65 4.565 475 47.5 22.78 2.278
475 47.5 22.7 2.27 508 50.8 0 0
504 50.4 0 0
90
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
a = 30°
t = 1 hr t = 3 hr_________________________ t = 6 hr
X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo
82 8.2 0 0 79 7.9 0 0 78 7.8 0 0
91 9.1 -8.07 -0.807 89 8.9 -5.59 0.559 89 8.9 -7.78 -0.778
101 10.1 -22.08 -2.208 99 9.9 -15.99 1.599 99 9.9 -16.15 -1.615
139 13.9 -34.29 -3.429 109 10.9 -23.47 2.347 109 10.9 -22.24 -2.224
164 16.4 -45.47 -4.547 139 13.9 -36.46 3.646 139 13.9 -34.25 -3.425
179 17.9 -51.45 -5.145 164 16.4 -47.84 4.784 164 16.4 -47.98 -4.798
214 21.4 -37.99 -3.799 189 18.9 -51.54 5.154 189 18.9 -55.34 -5.534
264 26.4 -12.76 -1.276 214 21.4 -41.68 4.168 214 21.4 -41.48 -4.148
314 31.4 22.89 2.289 239 23.9 -27.37 2.737 264 26.4 -15.88 -1.588
343 34.3 42.28 4.228 264 26.4 -13.48 1.348 314 31.4 17.87 1.787
364 36.4 31.39 3.139 314 31.4 16.72 1.672 359 35.9 45.96 4.596
356 35.6 45.67 4.567 364 36.4 45.8 4.58
364 36.4 43.88 4.388 389 38.9 33.58 3.358
389 38.9 24.5 2.45 427 42.7 0 0
424 42.4 0 0
t = 24 hr t = 48 hr t = 72 hr
X x/bo y y/bo X x/bo y y/bo X x/bo y y/bo
(mm) (mm) (mm) (mm)
76 7.6 0 0 71 7.1 0 0 71 7.1 0
_
0
91 9.1 -9.49 -0.949 81 8.1 -10.36 1.036 81 8.1 -8.54 -0.854
101 10.1 -21.27 -2.127 91 9.1 -16.58 1.658 91 9.1 -16.89 -1.689
111 11.1 -27.72 -2.772 101 10.1 -25.35 2.535 101 10.1 -23.85 -2.385
139 13.9 -39.11 -3.911 111 11.1 -29.87 2.987 111 11.1 -29.32 -2.932
164 16.4 -50.26 -5.026 139 13.9 -41.7 -4.17 139 13.9 -42.4 -4.24
189 18.9 -55.93 -5.593 164 16.4 -53.55 5.355 164 16.4 -53.31 -5.331
214 21.4 -42.88 -4.288 189 18.9 -57.45 5.745 189 18.9 -59.03 -5.903
239 23.9 -30.99 -3.099 214 21.4 -44.18 4.418 214 21.4 -46.5 -4.65
264 26.4 -16.46 -1.646 239 23.9 -32.28 3.228 239 23.9 -29.74 -2.974
289 28.9 -4.66 -0.466 264 26.4 -18.98 1.898 264 26.4 -14.29 -1.429
297 29.7 0 0 314 31.4 12.13 1.213 289 28.9 -1.94 -0.194
314 31.4 12.49 1.249 364 36.4 45.03 4.503 314 31.4 14.98 1.498
339 33.9 28.72 2.872 369 36.9 49.62 4.962 339 33.9 29.57 2.957
367 36.7 47.78 4.778 414 41.4 23.58 2.358 364 36.4 46.02 4.602
389 38.9 37.24 3.724 444 44.4 0 0 369 36.9 49.65 4.965
414 41.4 22.06 2.206 389 38.9 38.95 3.895
444 44.4 0 0 414 41.4 23.2 2.32
444 44.4 0 0
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a = 45°
t = 1 hr  t = 3 hr_________________________ t = 6 hr
X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo
41 4.1 0 0 35 3.5 0 0 35 3.5 0 0
45 4.5 -2.72 -0.272 45 4.5 -4.19 0.419 45 4.5 -5.23 -0.523
55 5.5 -15.13 -1.513 65 6.5 -20.11 2.011 55 5.5 -16.48 -1.648
75 7.5 -27.09 -2.709 75 7.5 -27.2 -2.72 65 6.5 -20.61 -2.061
91 9.1 -33.86 -3.386 95 9.5 -36 -3.6 75 7.5 -26.52 -2.652
111 11.1 -41.74 -4.174 115 11.5 -42.45 4.245 95 9.5 -37.53 -3.753
131 13.1 -34.86 -3.486 135 13.5 -45.19 4.519 115 11.5 -44.28 -4.428
171 17.1 -19.2 -1.92 155 15.5 -38.96 3.896 135 13.5 -48.72 -4.872
211 21.1 3.75 0.375 205 20.5 -12.46 1.246 155 15.5 -39.78 -3.978
251 25.1 36.01 3.601 228 22.8 0 0 205 20.5 -14.37 -1.437
271 27.1 31.94 3.194 255 25.5 17.59 1.759 230 23 0 0
311 31.1 0 0 287 28.7 39.69 3.969 255 25.5 14.22 1.422
301 30.1 32.09 3.209 291 29.1 41.77 4.177
336 33.6 0 0 305 30.5 36.77 3.677
353 35.3 0 0
t  = 24 hr t  = 48 hr t  = 72 hr
X x/bo y y/bo X x/bo y y/bo X x/bo y y/bo
(mm) (mm)
35 3.5 0 0 30 3 0 0 28 2.8 0 0
45 4.5 -6.42 -0.642 45 4.5 -15.71 1.571 45 4.5 -13.32 -1.332
55 5.5 -14.91 -1.491 55 5.5 -19.64 1.964 55 5.5 -22.36 -2.236
65 6.5 -24.66 -2.466 65 6.5 -25.64 2.564 65 6.5 -24.55 -2.455
75 7.5 -30.66 -3.066 75 7.5 -33.02 3.302 75 7.5 -33.56 -3.356
105 10.5 -49.63 -4.963 85 8.5 -42.18 4.218 85 8.5 -42.23 -4.223
135 13.5 -53.16 -5.316 105 10.5 -51.16 5.116 105 10.5 -51.17 -5.117
165 16.5 -38.25 -3.825 135 13.5 -57.5 -5.75 135 13.5 -57.78 -5.778
215 21.5 -9.71 -0.971 151 15.1 -50.65 5.065 151 15.1 -50.55 -5.055
228 22.8 0 0 175 17.5 -33.73 3.373 175 17.5 -33.9 -3.39
265 26.5 23.96 2.396 225 22.5 -3.43 0.343 225 22.5 -3.22 -0.322
305 30.5 44.88 4.488 275 27.5 28.58 2.858 275 27.5 27.13 2.713
315 31.5 37.69 3.769 308 30.8 44.81 4.481 304 30.4 46.55 4.655
360 36 0 0 315 31.5 42.79 4.279 325 32.5 37.88 3.788
350 35 15.33 1.533 345 34.5 20.33 2.033
369 36.9 0 0 369 36.9 0 0
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a = 90°
t = 1 hr t = 3 hr_________________________ t = 6 hr
X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo
86 8.6 0 0 90 9 0 0 92 9.2 0 0
60 6 5.18 0.518 60 6 4.89 0.489 62 6.2 5.23 0.523
40 4 -6.07 -0.607 40 4 -8.72 0.872 42 4.2 -8.73 -0.873
20 2 -13.77 -1.377 20 2 -16.54 1.654 22 2.2 -17.29 -1.729
0 0 -16.19 -1.619 0 0 -18.53 1.853 0 0 -19.59 -1.959
-20 -2 -13.77 -1.377 -20 -2 -16.54 1.654 -22 -2.2 -17.29 -1.729
-40 -4 -6.07 -0.607 -40 -4 -8.72 0.872 -42 -4.2 -8.73 -0.873
-60 -6 5.18 0.518 -60 -6 4.89 0.489 -62 -6.2 5.23 0.523
-86 -8.6 0 0 -90 -9 0 0 -92 -9.2 0 0
t = 24 hr t = 48 hr t = 7 2 h r
X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo
100 10 0 0 110 11 0 0 110 11 0 0
80 8 9.45 0.945 80 8 10.04 1.004 80 8 11.18 1.118
64 6.4 0 0 60 6 -3.02 0.302 60 6 -4.5 -0.45
60 6 -3.15 -0.315 40 4 -13.68 1.368 40 4 -13.88 -1.388
40 4 -14.15 -1.415 20 2 -20.33 2.033 0 0 -24.32 -2.432
20 2 -20.32 -2.032 0 0 -24.38 2.438 -40 -4 -13.88 -1.388
0 0 -23.32 -2.332 -20 -2 -20.33 2.033 -60 -6 -4.5 -0.45
-20 -2 -20.32 -2.032 -40 -4 -13.68 1.368 -80 -8 11.18 1.118
-40 -4 -14.15 -1.415 -60 -6 -3.02 0.302 -110 -11 0 0
-60 -6 -3.15 -0.315 -80 -8 10.04 1.004
-80 -8 9.45 0.945 -110 -11 0 0
-100 -10 0 0
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Non-plunging case:
a = 15°
t = 1 hr t = 3 hr t = 6 hr
X
(mm)
x/bo y
(mm)
y/bo X
Jmm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo
210 21 0 0 210 21 0 0 200 20 0 0
220 22 -1.64 -0.164 220 22 -2.66 0.266 220 22 -1.32 -0.132
240 24 -5 -0.5 240 24 -5.28 0.528 240 24 -6.8 -0.68
260 26 -8.92 -0.892 260 26 -9.63 0.963 260 26 -12.3 -1.23
300 30 -14.29 -1.429 280 28 -14.2 -1.42 280 28 -17.56 -1.756
340 34 -16.19 -1.619 300 30 -16.45 1.645 320 32 -23 -2.3
380 38 -15.57 -1.557 330 33 -22.22 2.222 360 36 -26.88 -2.688
420 42 -11.74 -1.174 360 36 -22.74 2.274 400 40 -27.88 -2.788
460 46 -2.91 -0.291 400 40 -20.21 2.021 440 44 -18.04 -1.804
500 50 4.13 0.413 450 45 -9.79 0.979 480 48 -5.4 -0.54
540 54 10.7 1.07 500 50 3.15 0.315 520 52 10.89 1.089
560 56 11.07 1.107 550 55 16.32 1.632 560 56 30.21 3.021
573 57.3 0 0 563 56.3 19.03 1.903 598 59.8 0 0
583 58.3 0 0
t = 24 hr t = 48 hr t = 72 hr
X x/bo y y/bo X x/bo y y/bo X x/bo y y/bo
(mm) (mm) (mm) (mm) (mm) (mm)
200 20 0 0 200 20 0 0 200 20 0 0
210 21 -0.43 -0.043 210 21 -2.04 0.204 210 21 -2.11 -0.211
220 22 -3.05 -0.305 220 22 -5.29 0.529 220 22 -4.46 -0.446
240 24 -9.26 -0.926 230 23 -8.24 0.824 230 23 -6.82 -0.682
260 26 -14.02 -1.402 240 24 -9.52 0.952 240 24 -9.52 -0.952
280 28 -19.49 -1.949 260 26 -15.88 1.588 260 26 -15.5 -1.55
300 30 -23.08 -2.308 280 28 -22.68 2.268 280 28 -21.88 -2.188
330 33 -27.98 -2.798 300 30 -28.29 2.829 300 30 -27.49 -2.749
360 36 -29.82 -2.982 330 33 -33.56 3.356 320 32 -31.59 -3.159
390 39 -31.82 -3.182 370 37 -36 -3.6 340 34 -35.19 -3.519
420 42 -29.36 -2.936 420 42 -34.31 3.431 370 37 -37.72 -3.772
450 45 -23.01 -2.301 460 46 -22.93 2.293 400 40 -38.51 -3.851
480 48 -9.63 -0.963 500 50 -1.56 0.156 450 45 -32.8 -3.28
510 51 6.55 0.655 540 54 33.95 3.395 500 50 -9.17 -0.917
548 54.8 42.74 4.274 559 55.9 46.08 4.608 550 55 26.7 2.67
560 56 39.82 3.982 580 58 31.23 3.123 570 57 46.15 4.615
590 59 15 1.5 630 63 0 0 600 60 31.38 3.138
609 60.9 0 0 640 64 0 0
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t = 96 hr
X
(mm)
x/bo y
(mm)
y/bo
200 20 0 0
210 21 -3 -0.3
220 22 -4.1 -0.41
230 23 -7.78 -0.778
240 24 -9.52 -0.952
260 26 -16.12 -1.612
280 28 -21.79 -2.179
300 30 -28.48 -2.848
320 32 -31.99 -3.199
340 34 -36.17 -3.617
370 37 -38.73 -3.873
400 40 -38.88 -3.888
450 45 -34.8 -3.48
500 50 -11.17 -1.117
550 55 28.7 2.87
570 57 46.33 4.633
600 60 32.98 3.298
640 64 0 0
a  =  3 0 °
t = 1 hr t = 3 hr t = 6 hr
X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo
110 11 0 0 107 10.7 0 0 107 10.7 0 0
150 15 -22.89 -2.289 150 15 -24.36 2.436 150 15 -24.81 -2.481
175 17.5 -32.26 -3.226 175 17.5 -35.13 3.513 200 20 -40.58 -4.058
190 19 -37.46 -3.746 192 19.2 -42.29 4.229 230 23 -47.03 -4.703
225 22.5 -44.02 -4.402 225 22.5 -45.95 4.595 250 25 -43.22 -4.322
250 25 -34.29 -3.429 250 25 -38.96 3.896 300 30 -12.64 -1.264
300 30 -9.23 -0.923 300 30 -12.1 -1.21 350 35 12.62 1.262
350 35 21.04 2.104 350 35 22.42 2.242 390 39 42.6 4.26
373 37.3 37.54 3.754 382 38.2 42.13 4.213 400 40 39.09 3.909
400 40 25.5 2.55 400 40 29.71 2.971 425 42.5 21.8 2.18
426 42.6 0 0 443 44.3 0 0 452 45.2 0 0
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t = 24 hr  t = 48 hr_________________________ t = 72 hr
X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo
105 10.5 0 0 102 10.2 0 0 102 10.2 0 0
150 15 -27.13 -2.713 150 15 -28.51 2.851 150 15 -27.71 -2.771
200 20 -44.36 -4.436 200 20 -46.71 4.671 200 20 -46.37 -4.637
235 23.5 -49.75 -4.975 250 25 -51.3 -5.13 250 25 -54.36 -5.436
250 25 -45.78 -4.578 300 30 -24.71 2.471 300 30 -27.75 -2.775
300 30 -24.69 -2.469 350 35 1.65 0.165 350 35 2.2 0.22
350 35 5.88 0.588 400 40 37.46 3.746 400 40 39.2 3.92
400 40 40.19 4.019 406 40.6 45.5 4.55 416 41.6 48.52 4.852
405 40.5 43.97 4.397 450 45 21.6 2.16 450 45 30.29 3.029
425 42.5 35.78 3.578 480 48 0 0 480 48 0 0
475 47.5 0 0
a = 45°
t = 1 hr t = 3 hr t = 6 hr
X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo
54 5.4 0 0 54 5.4 0 0 54 5.4 0 0
70 7 -10.05 -1.005 70 7 -14.89 1.489 70 7 -14.95 -1.495
85 8.5 -21.56 -2.156 85 8.5 -22.32 2.232 85 8.5 -23.42 -2.342
100 10 -30.57 -3.057 100 10 -32.47 3.247 100 10 -32.45 -3.245
125 12.5 -46.63 -4.663 125 12.5 -47.12 4.712 135 13.5 -48.49 -4.849
150 15 -40.93 -4.093 150 15 -47.75 4.775 150 15 -50.84 -5.084
200 20 -19.68 -1.968 200 20 -24.98 2.498 200 20 -28.27 -2.827
250 25 11.35 1.135 250 25 5.27 0.527 250 25 2.57 0.257
300 30 41.4 4.14 275 27.5 22.44 2.244 300 30 33.82 3.382
325 32.5 25.26 2.526 312 31.2 43.8 4.38 322 32.2 45.89 4.589
360 36 0 0 325 32.5 35.41 3.541 340 34 38 3.8
375 37.5 0 0 387 38.7 0 0
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t = 24 hr t = 48 hr_________________________ t = 72 hr
X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo
54 5.4 0 0 54 5.4 0 0 54 5.4 0 0
70 7 -17.68 -1.768 70 7 -18.93 1.893 70 7 -18.48 -1.848
85 8.5 -24.34 -2.434 85 8.5 -25.11 2.51 85 8.5 -24.78 -2.478
100 10 -32.04 -3.204 100 10 -31.76 3.176 100 10 -32.67 -3.267
125 12.5 -47.53 -4.753 125 12.5 -47.02 4.702 125 12.5 -48.11 -4.811
135 13.5 -52.49 -5.249 150 15 -57.49 5.749 150 15 -58.89 -5.889
150 15 -57.08 -5.708 200 20 -33.8 -3.38 200 20 -36.52 -3.652
200 20 -32.82 -3.282 250 25 -3.66 0.366 250 25 -5.33 -0.533
250 25 0.88 0.088 300 30 25.89 2.589 260 26 0 0
300 30 28.8 2.88 342 34.2 49.21 4.921 300 30 23.26 2.326
335 33.5 48.89 4.889 350 35 45.89 4.589 344 34.4 50.01 5.001
350 35 39.43 3.943 375 37.5 23.79 2.379 375 37.5 28.66 2.866
412 41.2 0 0 413 41.3 0 0 415 41.5 0 0
a  =  9 0 °
t = 1 hr t = 3 hr t = 6 hr
X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo X
(mm)
x/bo y
(mm)
y/bo
85 8.5 0 0 92 9.2 0 0 94 9.4 0 0
70 7 11.48 1.148 80 8 10.47 1.047 80 8 10 1
60 6 7.56 0.756 74 7.4 11.25 1.125 77 7.7 11.28 1.128
40 4 -6.03 -0.603 60 6 4.24 0.424 60 6 3.69 0.369
20 2 -13.22 -1.322 40 4 -7.06 0.706 40 4 -8.24 -0.824
0 0 -16.33 -1.633 20 2 -14.76 1.476 20 2 -15.53 -1.553
-20 -2 -13.22 -1.322 0 0 -18.76 1.876 0 0 -20.24 -2.024
-40 -4 -6.03 -0.603 -20 -2 -14.76 1.476 -20 -2 -15.53 -1.553
-60 -6 7.56 0.756 -40 -4 -7.06 0.706 -40 -4 -8.24 -0.824
-70 -7 11.48 1.148 -60 -6 4.24 0.424 -60 -6 3.69 0.369
-85 -8.5 0 0 -74 -7.4 11.25 1.125 -77 -7.7 11.28 1.128
-80 -8 10.47 1.047 -80 -8 10 1
-92 -9.2 0 0 -94 -9.4 0 0
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t = 24 hr 
x
(mm)
x/bo y
(mm)
y/bo
t = 48 hr 
x
(mm)
x/bo y y/bo 
(mm)_______
t = 72 hr 
x
(mm)
x/bo y 
_______(mm)
y/bo
100 10 0 0 110 11 0 0 112 11.2 0 0
82.5 8.25 12.39 1.239 98 9.8 12.69 1.269 99.5 9.95 12.89 1.289
60 6 1.43 0.143 80 8 7.79 0.779 80 8 8.23 0.823
58 5.8 0 0 60 6 -3.69 0.369 60 6 -3.78 -0.378
40 4 -15.23 -1.532 40 4 -15.23 1.523 40 4 -15.9 -1.59
20 2 -20.24 -2.024 20 2 -22.95 2.295 20 2 -23.33 -2.333
0 0 -23.78 -2.378 0 0 -25.86 2.586 0 0 -25.99 -2.599
-20 -2 -20.24 -2.024 -20 -2 -22.95 2.295 -20 -2 -23.33 -2.333
-40 -4 -15.23 -1.532 -40 -4 -15.23 1.523 -40 -4 -15.9 -1.59
-60 -6 1.43 0.143 -60 -6 -3.69 0.369 -60 -6 -3.78 -0.378
-82.5 -8.25 12.39 1.239 -80 -8 7.79 0.779 -80 -8 8.23 0.823
-100 -10 0 0 -98 -9.8 12.69 1.269 -99.5 9.95 12.89 1.289
-110 -11 0 0 -112 11.2 0 0
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Table B.3: Scour hole perimeters
Plunging case:
a = 0°
t = 1 hr  t = 3 hr________________________ t=6 hr
X
(mm)
x/bo z
(mm)
z/b0 X
(mm)
x/bo z
(mm)
z/b0 X
(mm)
x/bo z
(mm)
z/b0
170 17 0 0 169 16.9 0 0 169 16.9 0 0
215 21.5 -53 -5.3 219 21.9 -54 -5.4 219 21.9 -59 -5.9
265 26.5 -67 -6.7 269 26.9 -69 -6.9 269 26.9 -77 -7.7
315 31.5 -72 -7.2 319 31.9 -76 -7.6 319 31.9 -80 -8
365 36.5 -40 -4 369 36.9 -63 -6.3 369 36.9 -67 -6.7
379 37.9 0 0 411 41.1 0 0 415 41.5 0 0
365 36.5 40 4 369 36.9 60 6 369 36.9 66 6.6
315 31.5 74 7.4 319 31.9 83 8.3 319 31.9 80 8
265 26.5 67 6.7 269 26.9 76 7.6 269 26.9 77 7.7
215 21.5 50 5 219 21.9 53 5.3 219 21.9 57 5.7
170 17 0 0 169 16.9 0 0 169 16.9 0 0
t = 24 hr t = 48 hr t = 72hr
X
(mm)
S. or o z
(mm)
z/b0 X
(mm)
x/bo z
(mm)
z/b0 X
(mm)
x/bo z
(mm)
z/bo
169 16.9 0 0 169 16.9 0 0 169 16.9 0 0
219 21.9 -60 -6 219 21.9 -63 -6.3 219 21.9 -65 -6.5
269 26.9 -80 -8 269 26.9 -83 -8.3 269 26.9 -86 -8.6
319 31.9 -89 -8.9 319 31.9 -93 -9.3 319 31.9 -96 -9.6
369 36.9 -71 -7.1 369 36.9 -80 -8 369 36.9 -83 -8.3
417 41.7 0 0 424 42.4 0 0 419 41.9 -28 -2.8
369 36.9 71 7.1 369 36.9 80 8 427 42.7 0 0
319 31.9 91 9.1 319 31.9 94 9.4 419 41.9 30 3
269 26.9 84 8.4 269 26.9 82 8.2 369 36.9 83 8.3
219 21.9 66 6.6 219 21.9 63 6.3 319 31.9 94 9.4
169 16.9 0 0 169 16.9 0 0 269 26.9 88 8.8
219 21.9 70 7
169 16.9 0 0
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a = 15°
t = 1 hr t = 3 hr t =6 hr
X
(mm)
x/bo z
(mm)
z/b0 X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
135 13.5 0 0 135 13.5 0 0 130 13 0 0
185 18.5 -60 -6 185 18.5 -63 -6.3 180 18 -59 -5.9
235 23.5 -75 -7.5 235 23.5 -79 -7.9 230 23 -82 -8.2
285 28.5 -59 -5.9 285 28.5 -80 -8 280 28 -76 -7.6
336 33.6 0 0 335 33.5 -30 -3 330 33 -51.4 -5.14
285 28.5 59 5.9 350 35 0 0 356 35.6 0 0
235 23.5 78 7.8 335 33.5 30 3 330 33 51.4 5.14
185 18.5 61 6.1 285 28.5 80 8 280 28 77 7.7
135 13.5 0 0 235 23.5 81 8.1 230 23 82 8.2
185 18.5 64 6.4 180 18 61 6.1
135 13.5 0 0 130 13 0 0
t = 24 hr________________________ t = 48 hr t = 72 hr
X
(mm)
x /bo z
(mm)
z /b o X
(mm)
x/bo z
(mm)
z /bo X
(mm)
x /bo z
(mm)
z /b o
130 13 0 0 125 12.5 0 0 125 12.5 0 0
180 18 -65 -6.5 135 13.5 -27 -2.7 150 15 -44 -4.4
230 23 -88 -8.8 145 14.5 -37 -3.7 200 20 -78 -7.8
280 28 -92 -9.2 155 15.5 -50 -5 236 23.6 -98 -9.8
330 33 -70 -7 175 17.5 -65 -6.5 270 27 -91 -9.1
374 37.4 0 0 225 22.5 -91 -9.1 300 30 -82 -8.2
330 33 70 7 275 27.5 -86.5 -8.65 350 35 -40 -4
280 28 92 9.2 325 32.5 -62.4 -6.24 369 36.9 0 0
230 23 83 8.3 373 37.3 0 0 350 35 40 4
180 18 60 6 325 32.5 62.4 6.24 300 30 82 8.2
130 13 0 0 275 27.5 86.5 8.65 270 27 93 9.3
225 22.5 94 9.4 236 23.6 99 9.9
175 17.5 65 6.5 200 20 80 8
155 15.5 50 5 150 15 43 4.3
145 14.5 40 4 125 12.5 0 0
135 13.5 27 2.7
125 12.5 0 0
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a = 30°
t = 1 hr t = 3 hr t =6 hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
82 8.2 0 0 79 7.9 0 0 78 7.8 0 0
91 9.1 -36 -3.6 89 8.9 -39 -3.9 89 8.9 -40 -4
101 10.1 -48 -4.8 99 9.9 -52.5 -5.25 99 9.9 -50.5 -5.05
139 13.9 -79 -7.9 109 10.9 -63 -6.3 109 10.9 -62 -6.2
164 16.4 -86 -8.6 139 13.9 -81 -8.1 139 13.9 -80 -8
179 17.9 -89 -8.9 164 16.4 -91 -9.1 164 16.4 -91 -9.1
214 21.4 -79 -7.9 189 18.9 -89 -8.9 189 18.9 -92 -9.2
264 26.4 -50 -5 214 21.4 -87.34 8.734 214 21.4 -90.3 -9.03
283 28.3 0 0 239 23.9 -74.32 7.432 264 26.4 -62 -6.2
264 26.4 50 5 264 26.4 -56.75 5.675 289 28.9 0 0
214 21.4 79 7.9 289 28.9 0 0 264 26.4 62 6.2
179 17.9 83 8.3 264 26.4 56.75 5.675 214 21.4 90.3 9.03
164 16.4 78 7.8 239 23.9 74.32 7.432 189 18.9 92 9.2
139 13.9 -79 -7.9 214 21.4 87.34 8.734 164 16.4 86 8.6
101 10.1 -48 -4.8 189 18.9 89 8.9 139 13.9 73 7.3
91 9.1 -36 -3.6 164 16.4 84 8.4 109 10.9 56 5.6
82 8.2 0 0 139 13.9 74 7.4 99 9.9 46 4.6
109 10.9 57.5 5.75 89 8.9 37 3.7
99 9.9 46 4.6 78 7.8 0 0
89 8.9 30 3
79 7.9 0 0
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t = 24 hr t = 48 hr t = 72 hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mml
x/bo z
(mm)
z/bo
76 7.6 0 0 71 7.1 0 0 71 7.1 0 0
91 9.1 -48.5 -4.85 81 8.1 -40 -4 81 8.1 -42 -4.2
101 10.1 -60 -6 91 9.1 -50 -5 91 9.1 -55 -5.5
111 11.1 -70 -7 101 10.1 -65 -6.5 101 10.1 -62 -6.2
139 13.9 -89 -8.9 111 11.1 -73 -7.3 111 11.1 -74 -7.4
164 16.4 -98 -9.8 139 13.9 -90 -9 139 13.9 -92 -9.2
189 18.9 -98 -9.8 164 16.4 -99 -9.9 164 16.4 -99 -9.9
214 21.4 -94 -9.4 189 18.9 -100 -10 189 18.9 -100 -10
239 23.9 -86 -8.6 214 21.4 -96.5 -9.65 214 21.4 -94.6 -9.46
264 26.4 -70 -7 239 23.9 -82 -8.2 239 23.9 -87 -8.7
289 28.9 -40 -4 264 26.4 -68.7 -6.87 264 26.4 -63.5 -6.35
297 29.7 0 0 298 29.8 0 0 306 30.6 0 0
289 28.9 40 4 264 26.4 68.7 6.87 264 26.4 63.5 6.35
264 26.4 70 7 239 23.9 82 8.2 239 23.9 87 8.7
239 23.9 86 8.6 214 21.4 96.5 9.65 214 21.4 94.6 9.46
214 21.4 94 9.4 189 18.9 100 10 189 18.9 100 10
189 18.9 98 9.8 164 16.4 96.5 9.65 164 16.4 99 9.9
164 16.4 89 8.9 139 13.9 85 8.5 139 13.9 89 8.9
139 13.9 78 7.8 111 11.1 68 6.8 111 11.1 72 7.2
111 11.1 58 5.8 101 10.1 61 6.1 101 10.1 63 6.3
101 10.1 51.5 5.15 91 9.1 45 4.5 91 9.1 55 5.5
91 9.1 32 3.2 81 8.1 32.5 3.25 81 8.1 -42 -4.2
76 7.6 0 0 71 7.1 0 0 71 7.1 0 0
71 7.1 0 0
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a = 45°
t = 1 hr t = 3 hr t=6 hr
X x/bo z z/bo X x/bo z z/bo X x/bo z z/bo
(mm) (mm) (mm) (mm) (mm) (mm)
41 4.1 0 0 35 3.5 0 0 35 3.5 0 0
45 4.5 -25 -2.5 45 4.5 -27 -2.7 45 4.5 -28 -2.8
55 5.5 -40 -4 65 6.5 -50 -5 55 5.5 -43 -4.3
75 7.5 -60 -6 75 7.5 -62 -6.2 65 6.5 -57 -5.7
91 9.1 -70 -7 95 9.5 -76 -7.6 75 7.5 -68 -6.8
111 11.1 -79 -7.9 115 11.5 -79 -7.9 95 9.5 -80 -8
131 13.1 -78.2 -7.82 135 13.5 -84 -8.4 115 11.5 -84 -8.4
171 17.1 -65.2 -6.52 155 15.5 -83 -8.3 135 13.5 -88 -8.8
205 20.5 0 0 205 20.5 -60.2 -6.02 155 15.5 -84 -8.4
171 17.1 65.2 6.52 228 22.8 0 0 205 20.5 -62 -6.2
131 13.1 78.2 7.82 205 20.5 60.2 6.02 230 23 0 0
111 11.1 79 7.9 155 15.5 83 8.3 205 20.5 62 6.2
91 9.1 70 7 135 13.5 84 8.4 155 15.5 84 8.4
75 7.5 60 6 115 11.5 79 7.9 135 13.5 88 8.8
55 5.5 40 4 95 9.5 76 7.6 115 11.5 84 8.4
45 4.5 25 2.5 75 7.5 62 6.2 95 9.5 80 8
41 4.1 0 0 65 6.5 50 5 75 7.5 68 6.8
45 4.5 27 2.7 65 6.5 57 5.7
35 3.5 0 0 55
45
5.5
4.5
43
28
4.3
2.8
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t = 24 hr t = 48 hr t = 72 hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
35 3.5 0 0 30 3 0 0 28 2.8 0 0
45 4.5 -36 -3.6 45 4.5 -44 -4.4 45 4.5 -49 -4.9
55 5.5 -53 -5.3 55 5.5 -69 -6.9 55 5.5 -67 -6.7
65 6.5 -70 -7 65 6.5 -77 -7.7 65 6.5 -78 -7.8
75 7.5 -81 -8.1 75 7.5 -84 -8.4 75 7.5 -86 -8.6
105 10.5 -94 -9.4 85 8.5 -91 -9.1 85 8.5 -92 -9.2
135 13.5 -94 -9.4 105 10.5 -97 -9.7 105 10.5 -101 -10.1
165 16.5 -87.5 -8.75 135 13.5 -93 -9.3 135 13.5 -95 -9.5
215 21.5 -52 -5.2 151 15.1 -91 -9.1 151 15.1 -93.3 -9.33
228 22.8 0 0 175 17.5 -84 -8.4 175 17.5 -86 -8.6
215 21.5 52 5.2 195 19.5 -75 -7.5 200 20 -70 -7
165 16.5 87.5 8.75 215 21.5 -55 -5.5 215 21.5 -55 -5.5
135 13.5 94 9.4 225 22.5 -22 -2.2 225 22.5 -22 -2.2
105 10.5 94 9.4 230 23 0 0 230 23 0 0
75 7.5 81 8.1 225 22.5 22 2.2 225 22.5 22 2.2
65 6.5 70 7 215 21.5 55 5.5 215 21.5 55 5.5
55 5.5 51 5.1 195 19.5 75 7.5 200 20 70 7
45 4.5 30 3 175 17.5 84 8.4 175 17.5 86 8.6
35 3.5 0 0 151 15.1 91 9.1 151 15.1 93.3 9.33
135 13.5 93 9.3 135 13.5 95 9.5
105 10.5 97 9.7 105 10.5 101 10.1
85 8.5 91 9.1 85 8.5 92 9.2
75 7.5 84 8.4 75 7.5 86 8.6
65 6.5 77 7.7 65 6.5 78 7.8
55 5.5 69 6.9 55 5.5 67 6.7
45 4.5 -44 -4.4 45 4.5 49 4.9
30 3 0 0 28 2.8 0 0
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t=  1 hr t = 3 hr t=6 hr
X
(mm)
£ or o z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
49 4.9 0 0 51 5.1 0 0 53 5.3 0 0
40 4 26 2.6 40 4 39 3.9 42 4.2 40 4
20 2 43 4.3 20 2 54 5.4 22 2.2 56 5.6
0 0 48 4.8 0 0 56 5.6 0 0 60 6
-20 -2 43 4.3 -20 -2 54 5.4 -22 -2.2 56 5.6
-40 -4 26 2.6 -40 -4 39 3.9 -42 -4.2 40 4
-49 -4.9 0 0 -51 -5.1 0 0 -53 -5.3 0 0
-40 -4 -26 -2.6 -40 -4 -39 -3.9 -42 -4.2 -40 -4
-20 -2 -43 -4.3 -20 -2 -54 -5.4 -22 -2.2 -56 -5.6
0 0 -48 -4.8 0 0 -56 -5.6 0 0 -60 -6
20 2 -43 -4.3 20 2 -54 -5.4 22 2.2 -56 -5.6
40 4 -26 -2.6 40 4 -39 -3.9 42 4.2 -40 -4
49 4.9 0 0 51 5.1 0 0 53 5.3 0 0
53 5.3 0 0
t = 24 hr t = 48 hr t = 72hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
64 6.4 0 0 64 6.4 0 0 64 6.4 0 0
60 6 23 2.3 55 5.5 27 2.7 55 5.5 30 3
40 4 52 5.2 40 4 53 5.3 40 4 54 5.4
20 2 63 6.3 20 2 63 6.3 20 2 64 6.4
0 0 65.4 6.54 0 0 65.7 6.57 0 0 66 6.6
-20 -2 63 6.3 -20 -2 63 6.3 -20 -2 64 6.4
-40 -4 52 5.2 -40 -4 53 5.3 -40 -4 54 5.4
-60 -6 23 2.3 -55 -5.5 27 2.7 -55 -5.5 30 3
-64 -6.4 0 0 -64 -6.4 0 0 -64 -6.4 0 0
-60 -6 -23 -2.3 -55 -5.5 -27 -2.7 -55 -5.5 -30 -3
-40 -4 -52 -5.2 -40 -4 -53 -5.3 -40 -4 -54 -5.4
-20 -2 -63 -6.3 -20 -2 -63 -6.3 -20 -2 -64 -6.4
0 0 -65.4 -6.54 0 0 -65.7 -6.57 0 0 -66 -6.6
20 2 -63 -6.3 20 2 -63 -6.3 20 2 -64 -6.4
40 4 -52 -5.2 40 4 -53 -5.3 40 4 -54 -5.4
60 6 -23 -2.3 55 5.5 -27 -2.7 55 5.5 -30 -3
64 6.4 0 0 64 6.4 0 0 64 6.4 0 0
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Non-plunging case:
a  =  1 5 °
t = 1 hr t = 3 hr t =6 hr
X
(mm)
x/bo z
(mm)
tl cr o X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
210 21 0 0 210 21 0 0 200 20 0 0
220 22 -29 -2.9 220 22 -28 -2.8 220 22 -30 -3
240 24 -43 -4.3 240 24 -38 -3.8 240 24 -40 -4
260 26 -43 -4.3 260 26 -47 -4.7 260 26 -48 -4.8
300 30 -49 -4.9 280 28 -52.6 -5.26 280 28 -55 -5.5
340 34 -50.3 -5.03 300 30 -56 -5.6 320 32 -63 -6.3
380 38 -48 -4.8 330 33 -59 -5.9 360 36 -65 -6.5
420 42 -39 -3.9 360 36 -57 -5.7 400 40 -60 -6
460 46 -15 -1.5 400 40 -51 -5.1 440 44 -45 -4.5
477 47.7 0 0 450 45 -29.5 -2.95 480 48 -18 -1.8
460 46 15 1.5 490 49 0 0 494 49.4 0 0
420 42 39 3.9 450 45 29.5 2.95 480 48 18 1.8
380 38 48 4.8 400 40 51 5.1 440 44 45 4.5
340 34 50.3 5.03 360 36 57 5.7 400 40 60 6
300 30 49 4.9 330 33 59 5.9 360 36 65 6.5
260 26 43 4.3 300 30 56 5.6 320 32 63 6.3
240 24 43 4.3 280 28 52.6 5.26 280 28 58 5.8
220 22 29 2.9 260 26 47 4.7 260 26 48 4.8
210 21 0 0 240 24 38 3.8 240 24 40 4
220 22 28 2.8 220 22 30 3
210 21 0 0 200 20 0 0
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t = 24 hr t = 48 hr t = 72 hr
X
(mm)
S. cr O z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
200 20 0 0 200 20 0 0 200 20 0 0
210 21 -23 -2.3 210 21 -25 -2.5 210 21 -27 -2.7
220 22 -31 -3.1 220 22 -30 -3 220 22 -32 -3.2
240 24 -43 -4.3 230 23 -36 -3.6 230 23 -36 -3.6
260 26 -56 -5.6 240 24 -44 -4.4 240 24 -43 -4.3
280 28 -60 -6 260 26 -52 -5.2 260 26 -54 -5.4
300 30 -72 -7.2 280 28 -65 -6.5 280 28 -63 -6.3
330 33 -78 -7.8 300 30 -72 -7.2 300 30 -71 -7.1
360 36 -83 -8.3 330 33 -83 -8.3 320 32 -80 -8
390 39 -82 -8.2 370 37 -86 -8.6 340 34 -85 -8.5
420 42 -76 -7.6 420 42 -80 -8 370 37 -89 -8.9
450 45 -59.5 -5.95 460 46 -58 -5.8 400 40 -87 -8.7
480 48 -30 -3 500 50 -10 -1 450 45 -72.3 -7.23
501 50.1 0 0 502 50.2 0 0 500 50 -30 -3
480 48 30 3 500 50 10 1 515 51.5 0 0
450 45 59.5 5.95 460 46 58 5.8 500 50 30 3
420 42 76 7.6 420 42 80 8 450 45 72.3 7.23
390 39 82 8.2 370 37 86 8.6 400 40 87 8.7
360 36 83 8.3 330 33 83 8.3 370 37 89 8.9
330 33 78 7.8 300 30 73 7.3 340 34 85 8.5
300 30 72 7.2 280 28 65 6.5 320 32 80 8
280 28 60 6 260 26 53 5.3 300 30 73 7.3
260 26 51 5.1 240 24 44 4.4 280 28 65 6.5
240 24 43 4.3 230 23 36 3.6 260 26 54 5.4
220 22 31 3.1 220 22 30 3 240 24 43 4.3
210 21 23 2.3 210 21 25 2.5 230 23 38 3.8
200 20 0 0 200 20 0 0 220 22 32 3.2
210 21 -27 -2.7
200 20 0 0
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t = 96 hr
X
(mm)
x/bo z
(mm)
z/bo
200 20 0 0
210 21 -27 -2.7
220 22 -32 -3.2
230 23 -36 -3.6
240 24 -43 -4.3
260 26 -54 -5.4
280 28 -65 -6.5
300 30 -73 -7.3
320 32 -83 -8.3
340 34 -87 -8.7
370 37 -89 -8.9
400 40 -87 -8.7
450 45 -76 -7.6
500 50 -30 -3
515 51.5 0 0
500 50 30 3
450 45 76 7.6
400 40 87 8.7
370 37 89 8.9
340 34 87 8.7
320 32 83 8.3
300 30 73 7.3
280 28 65 6.5
260 26 54 5.4
240 24 43 4.3
230 23 38 3.8
220 22 32 3.2
210 21 27 2.7
200 20 0 0
200 20 0 0
210 21 -27 -2.7
200 20 0 0
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a = 30°
t = 1 hr t = 3 hr___________________________t=6 hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
110 11 0 0 105 10.5 0 0 107 10.7 0 0
150 15 -54 -5.4 150 15 -61.5 -6.15 150 15 -57 -5.7
175 17.5 -68 -6.8 175 17.5 -73 -7.3 200 20 -79 -7.9
190 19 -73 -7.3 192 19.2 -78 -7.8 250 25 -80 -8
225 22.5 -76.1 -7.61 225 22.5 -77 -7.7 300 30 -50 -5
250 25 -67 -6.7 250 25 -71 -7.1 325 32.5 0 0
300 30 -27 -2.7 300 30 -30 -3 300 30 50 5
317 31.7 0 0 320 32 0 0 250 25 80 8
300 30 27 2.7 300 30 30 3 200 20 79 7.9
250 25 67 6.7 250 25 71 7.1 150 15 57 5.7
225 22.5 76.1 7.61 225 22.5 77 7.7 107 10.7 0 0
190 19 73 7.3 192 19.2 78 7.8
175 17.5 68 6.8 175 17.5 73 7.3
150 15 54 5.4 150 15 61.5 6.15
110 11 0 0 105 10.5 0 0
t  = 24 hr t  = 48 hr t  = 7 2 h r
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
105 10.5 0 0 102 10.2 0 0 102 10.2 0 0
150 15 -61.8 -6.18 150 15 -62.5 -6.25 150 15 -64.5 -6.45
200 20 -82.3 -8.23 200 20 -88.5 -8.85 200 20 -92 -9.2
250 25 -88 -8.8 250 25 -103 -10.3 250 25 -104 -10.4
300 30 -57 -5.7 300 30 -67.6 -6.76 300 30 -75.3 -7.53
342 34.2 0 0 346 34.6 0 0 347 34.7 0 0
300 30 57 5.7 300 30 67.6 6.76 300 30 75.3 7.53
250 25 88 8.8 250 25 103 10.3 250 25 104 10.4
200 20 82.3 8.23 200 20 88.5 8.85 200 20 92 9.2
150 15 61.8 6.18 150 15 62.5 6.25 150 15 64.5 6.45
105 10.5 0 0 102 10.2 0 0 102 10.2 0 0
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a = 45°
t = 1 hr t = 3 hr t =6 hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
54 5.4 0 0 54 5.4 0 0 54 5.4 0 0
70 7 -41 -4.1 70 7 -54 -5.4 70 7 -50.5 -5.05
85 8.5 -57 -5.7 85 8.5 -65 -6.5 85 8.5 -65 -6.5
100 10 -66 -6.6 100 10 -76 -7.6 100 10 -74.5 -7.45
125 12.5 -78 -7.8 125 12.5 -84 -8.4 135 13.5 -88.5 -8.85
150 15 -74.5 -7.45 150 15 -82 -8.2 150 15 -87.5 -8.75
200 20 -58 -5.8 200 20 -68 -6.8 200 20 -78 -7.8
232 23.2 0 0 243 24.3 0 0 246 24.6 0 0
200 20 58 5.8 200 20 68 6.8 200 20 78 7.8
150 15 74.5 7.45 150 15 82 8.2 150 15 87.5 8.75
125 12.5 78 7.8 125 12.5 84 8.4 135 13.5 88.5 8.85
100 10 66 6.6 100 10 76 7.6 100 10 74.5 7.45
85 8.5 57 5.7 85 8.5 65 6.5 85 8.5 65 6.5
70 7 41 4.1 70 7 54 5.4 70 7 50.5 5.05
54 5.4 0 0 54 5.4 0 0 54 5.4 0 0
t = 24 hr t = 48 hr t = 72hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
54 5.4 0 0 54 5.4 0 0 54 5.4 0 0
70 7 -47.8 -4.78 70 7 -60 -6 70 7 -50.5 -5.05
85 8.5 -67.3 -6.73 85 8.5 -72 -7.2 85 8.5 -68.5 -6.85
100 10 -79.3 -7.93 100 10 -82 -8.2 100 10 -80 -8
125 12.5 -92.3 -9.23 125 12.5 -95 -9.5 125 12.5 -92.5 -9.25
135 13.5 -94.3 -9.43 150 15 -97 -9.7 150 15 -99.5 -9.95
150 15 -94 -9.4 200 20 -87 -8.7 200 20 -90 -9
200 20 -87 -8.7 250 25 -30 -3 250 25 -38.5 -3.85
248 24.8 0 0 257 25.7 0 0 260 26 0 0
200 20 87 8.7 250 25 30 3 250 25 38.5 3.85
150 15 94 9.4 200 20 87 8.7 200 20 90 9
135 13.5 94.3 9.43 150 15 97 9.7 150 15 99.5 9.95
125 12.5 92.3 9.23 125 12.5 95 9.5 125 12.5 92.5 9.25
100 10 79.3 7.93 100 10 82 8.2 100 10 80 8
85 8.5 67.3 6.73 85 8.5 72 7.2 85 8.5 68.5 6.85
70 7 47.8 4.78 70 7 60 6 70 7 50.5 5.05
54 5.4 0 0 54 5.4 0 0 54 5.4 0 0
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a = 90°
t = 1 hr t = 3 hr t =6 hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
cr 0 z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
50 5 0 0 52.5 5.25 0 0 54 5.4 0 0
40 4 21 2.1 40 4 35 3.5 40 4 38 3.8
20 2 40 4 20 2 51 5.1 20 2 53 5.3
0 0 48 4.8 0 0 53 5.3 0 0 54 5.4
-20 -2 40 4 -20 -2 51 5.1 -20 -2 53 5.3
-40 -4 21 2.1 -40 -4 35 3.5 -40 -4 38 3.8
-50 -5 0 0 -52.5 -5.25 0 0 -54 -5.4 0 0
-40 -4 -21 -2.1 -40 -4 -35 -3.5 -40 -4 -38 -3.8
-20 -2 -40 -4 -20 -2 -51 -5.1 -20 -2 -53 -5.3
0 0 -48 -4.8 0 0 -53 -5.3 0 0 -54 -5.4
20 2 -40 -4 20 2 -51 -5.1 20 2 -53 -5.3
40 4 -21 -2.1 40 4 -35 -3.5 40 4 -38 -3.8
50 5 0 0 52.5 5.25 0 0 54 5.4 0 0
t  = 24 hr____________________  t = 48 hr t  = 72 hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
65 6.5 0 0 66 6.6 0 0 66 6.6 0 0
55 5.5 27 2.7 55 5.5 29 2.9 55 5.5 30 3
40 4 44 4.4 40 4 45 4.5 40 4 46 4.6
20 2 58 5.8 20 2 58 5.8 20 2 60 6
0 0 62 6.2 0 0 62 6.2 0 0 65 6.5
-20 -2 58 5.8 -20 -2 58 5.8 -20 -2 60 6
-40 -4 44 4.4 -40 -4 45 4.5 -40 -4 46 4.6
-55 -5.5 27 2.7 -55 -5.5 29 2.9 -55 -5.5 30 3
-65 -6.5 0 0 -66 -6.6 0 0 -66 -6.6 0 0
-55 -5.5 -27 -2.7 -55 -5.5 -29 -2.9 -55 -5.5 -30 -3
-40 -4 -44 -4.4 -40 -4 -45 -4.5 -40 -4 -46 -4.6
-20 -2 -58 -5.8 -20 -2 -58 -5.8 -20 -2 -60 -6
0 0 -62 -6.2 0 0 -62 -6.2 0 0 -65 -6.5
20 2 -58 -5.8 20 2 -58 -5.8 20 2 -60 -6
40 4 -44 -4.4 40 4 -45 -4.5 40 4 -46 -4.6
55 5.5 -27 -2.7 55 5.5 -29 -2.9 55 5.5 -30 -3
65 6.5 0 0 66 6.6 0 0 66 6.6 0 0
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Table B.4: Ridge perimeters
Plunging case:
a = 0°
t = 1 hr t = 3 hr t =6 hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
265 26.5 -67 -6.7 269 26.9 -76 -7.6 269 26.9 -77 -7.7
315 31.5 -81 -8.1 319 31.9 -84 -8.4 319 31.9 -92 -9.2
365 36.5 -97 -9.7 369 36.9 -100 -10 369 36.9 -108 -10.8
415 41.5 -90 -9 419 41.9 -108 -10.8 419 41.9 -117 -11.7
465 46.5 -64 -6.4 469 46.9 -100 -10 469 46.9 -110 -11
489 48.9 0 0 520 52 -53 -5.3 519 51.9 -74 -7.4
465 46.5 61 6.1 537 53.7 0 0 547.5 54.75 0 0
415 41.5 94 9.4 520 52 59 5.9 519 51.9 72 7.2
365 36.5 99 9.9 469 46.9 104 10.4 469 46.9 106 10.6
315 31.5 83 8.3 419 41.9 112 11.2 419 41.9 115 11.5
265 26.5 67 6.7 369 36.9 103 10.3 369 36.9 105 10.5
319 31.9 87 8.7 319 31.9 92 9.2
269 26.9 76 7.6 269 26.9 77 7.7
t = 24 hr t = 48 hr t = 72 hr
X x/bo z z/bo X x/bo z z/bo X x/bo z z/bo
(mm) (mm) (mm) (mm) (mm) (mm)
269 26.9 -82 -8.2 269 26.9 -83 -8.3 269 26.9 -86 -8.6
319 31.9 -97 -9.7 319 31.9 -100 -10 319 31.9 -104 -10.4
369 36.9 -113 -11.3 369 36.9 -120 -12 369 36.9 -123 -12.3
419 41.9 -123 -12.3 419 41.9 -126 -12.6 419 41.9 -128 -12.8
469 46.9 -112 -11.2 469 46.9 -118 -11.8 469 46.9 -120 -12
519 51.9 -74 -7.4 519 51.9 -90 -9 519 51.9 -92 -9.2
551 55.1 0 0 558 55.8 0 0 560 56 0 0
519 51.9 77 7.7 519 51.9 89 8.9 519 51.9 90 9
469 46.9 111 11.1 469 46.9 118 11.8 469 46.9 119 11.9
419 41.9 119 11.9 419 41.9 125 12.5 419 41.9 128 12.8
369 36.9 113 11.3 369 36.9 117 11.7 369 36.9 120 12
319 31.9 97 9.7 319 31.9 100 10 319 31.9 103 10.3
269 26.9 82 8.2 269 26.9 83 8.3 269 26.9 88 8.8
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a = 15°
t = 1 hr t = 3 hr t =6 hr
X
(mm)
x / b 0 z
(mm)
z / b 0 X
(mm)
x / b 0 z
(mm)
z/b<> X
(mm)
x / b 0 z
(mm)
z / b 0
235 23.5 -75 -7.5 235 23.5 -79 -7.9 230 23 -76 -7.6
285 28.5 -95 -9.5 285 28.5 -94 -9.4 280 28 -98 -9.8
335 33.5 -100 -10 335 33.5 -108 -10.8 330 33 -110 -11
385 38.5 -93 -9.3 385 38.5 -106 -10.6 380 38 -115 -11.5
425 42.5 -62 -6.2 435 43.5 -86 -8.6 430 43 -94 -9.4
450 45 0 0 482 48.2 0 0 480 48 0 0
425 42.5 64 6.4 435 43.5 94 9.4 430 43 94 9.4
385 38.5 104 10.4 385 38.5 114 11.4 380 38 118 11.8
335 33.5 109 10.9 335 33.5 115 11.5 330 33 120 12
285 28.5 99 9.9 285 28.5 99 9.9 280 28 105 10.5
235 23.5 78 7.8 235 23.5 81 8.1 230 23 81 8.1
235 23.5 -75 -7.5 235 23.5 -79 -7.9 230 23 -76 -7.6
t = 24 hr t = 48 hr t = 72 hr
X
(mm)
x /b 0 z
(mm)
z /b o X
(mm)
x /bo z
(mm)
z /b 0 X
(mm)
x /bo z
(mm)
z /b o
230 23 -88 -8.8 225 22.5 -88 -8.8 236 23.6 -93 -9.3
280 28 -106 -10.6 275 27.5 -108 -10.8 270 27 -110 -11
330 33 -124 -12.4 325 32.5 -121 -12.1 300 30 -118 -11.8
380 38 -128 -12.8 375 37.5 -121 -12.1 350 35 -128 -12.8
430 43 -118 -11.8 425 42.5 -113 -11.3 400 40 -128 -12.8
480 48 -85 -8.5 475 47.5 -75.5 -7.55 450 45 -104 -10.4
509 50.9 0 0 504 50.4 0 0 475 47.5 -87 -8.7
480 48 82 8.2 475 47.5 88 8.8 508 50.8 0 0
430 43 118 11.8 425 42.5 125 12.5 475 47.5 89 8.9
380 38 128 12.8 375 37.5 132 13.2 450 45 115 11.5
330 33 122 12.2 325 32.5 131 13.1 400 40 128 12.8
280 28 105 10.5 275 27.5 113 11.3 350 35 130 13
230 23 -88 -8.8 225 22.5 91 9.1 300 30 120 12
225 22.5 -88 -8.8 270 27 110 11
236 23.6 93 9.3
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a = 30°
t = 1 hr t = 3 hr t=6 hr
X S. cr O z z/bo X x/bo z z/bo X x/bo z z/bo
(mm) (mm) (mm) (mm) (mm) (mm)
17.9 -89 -8.9 17.9 164 16.4 -91 -9.1 164 16.4 -91 -9.1
21.4 -100 -10 21.4 189 18.9 -100 -10 189 18.9 -102 -10.2
26.4 -107 -10.7 26.4 214 21.4 -105 -10.5 214 21.4 -109 -10.9
31.4 -106 -10.6 31.4 239 23.9 -109.5 10.95 264 26.4 -116 -11.6
36.4 -85 -8.5 36.4 264 26.4 -113 -11.3 314 31.4 -120 -12
40 0 0 40 314 31.4 -114.5 11.45 364 36.4 -108 -10.8
36.4 85 8.5 36.4 364 36.4 -106 -10.6 389 38.9 -97.5 -9.75
31.4 99 9.9 31.4 389 38.9 -84 -8.4 427 42.7 0 0
26.4 101 10.1 26.4 424 42.4 0 0 389 38.9 95 9.5
21.4 94 9.4 21.4 389 38.9 81 8.1 364 36.4 108 10.8
17.9 83 8.3 17.9 364 36.4 101 10.1 314 31.4 118 11.8
314 31.4 107 10.7 264 26.4 116 11.6
264 26.4 106 10.6 214 21.4 107 10.7
239 23.9 102 10.2 189 18.9 100 10.0
214 21.4 92 9.2 164 16.4 90 9.0
189 18.9 100 -10
164 16.4 91 -9.1
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t = 24 hr t = 48 hr t = 72 hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mm)
1 O z
(mm)
z/bo
164 16.4 I CO 00 -9.8 164 16.4 -99 -9.9 164 16.4 -99 -9.9
189 18.9 -108 -10.8 189 18.9 -110 -11 189 18.9 -109 -10.9
214 21.4 -115 -11.5 214 21.4 -118 -11.8 214 21.4 -115 -11.5
239 23.9 -119 -11.9 239 23.9 -122 -12.2 239 23.9 -121 -12.1
264 26.4 -123 -12.3 264 26.4 -127 -12.7 264 26.4 -125 -12.5
289 28.9 -126 -12.6 314 31.4 -126.5 12.65 289 28.9 -127 -12.7
314 31.4 -124 -12.4 364 36.4 -118 -11.8 314 31.4 -129 -12.9
339 33.9 -120 -12 414 41.4 -88 -8.8 339 33.9 -123 -12.3
367 36.7 -114 -11.4 444 44.4 0 0 364 36.4 -114 -11.4
389 38.9 -106 -10.6 414 41.4 83 8.3 389 38.9 -103 -10.3
414 41.4 -84 -8.4 364 36.4 119 11.9 414 41.4 -85 -8.5
444 44.4 0 0 314 31.4 124 12.4 444 44.4 0 0
414 41.4 83 8.3 264 26.4 121 12.1 414 41.4 95 9.5
389 38.9 106 10.6 239 23.9 118 11.8 389 38.9 111 11.1
367 36.7 114 11.4 214 21.4 113.5 11.35 364 36.4 119 11.9
339 33.9 120 12 189 18.9 108 10.8 339 33.9 126 12.6
314 31.4 123 12.3 164 16.4 96.5 9.65 314 31.4 126 12.6
289 28.9 125 12.5 164 16.4 -99 -9.9 289 28.9 125 12.5
264 26.4 120 12 189 18.9 -110 -11 264 26.4 123 12.3
239 23.9 117 11.7 214 21.4 -118 -11.8 239 23.9 119 11.9
214 21.4 114 11.4 239 23.9 -122 -12.2 214 21.4 114 11.4
189 18.9 107 10.7 264 26.4 -127 -12.7 189 18.9 107 10.7
164 16.4 98 9.8 314 31.4 -126.5 12.65 164 16.4 99 9.9
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a = 45°
t = 1 hr____________________________ t = 3 hr__________________________ t =6 hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
91 9.1 -80 -8 95 9.5 -76 -7.6 95 9.5 -74 -7.4
111 11.1 -96 -9.6 115 11.5 -88 -8.8 115 11.5 -90 -9
131 13.1 -101 -10.1 135 13.5 -97 -9.7 135 13.5 -99 -9.9
171 17.1 -106 -10.6 155 15.5 -104 -10.4 155 15.5 -102 -10.2
211 21.1 -106 -10.6 205 20.5 -106 -10.6 205 20.5 -105 -10.5
251 25.1 -97 -9.7 228 22.8 -105 -10.5 255 25.5 -101 -10.1
271 27.1 -87 -8.7 255 25.5 -105 -10.5 291 29.1 -89 -8.9
311 31.1 0 0 301 30.1 -80 -8 305 30.5 -80 -8
271 27.1 87 8.7 336 33.6 0 0 353 35.3 0 0
251 25.1 97 9.7 301 30.1 80 8 305 30.5 80 8
211 21.1 106 10.6 255 25.5 105 10.5 291 29.1 89 8.9
171 17.1 106 10.6 228 22.8 105 10.5 255 25.5 104 10.4
131 13.1 101 10.1 205 20.5 106 10.6 205 20.5 106 10.6
111 11.1 96 9.6 155 15.5 100 10 155 15.5 104 10.4
91 9.1 80 8 135 13.5 95 9.5 135 13.5 98 9.8
115 11.5 88 -8.8 115 11.5 93 9.3
95 9.5 76 7.6 95 9.5 79 7.9
t = 24 hr t = 48 hr t = 72 hr
X x/bo z z/bo X x/bo z z/bo X x/bo z z/bo
(mm) (mm) (mm) (mm) (mm) (mm)
105 10.5 -94 -9.4 85 8.5 -91 -9.1 105 10.5 -97 -9.7
135 13.5 -107 -10.7 105 10.5 -103 -10.3 135 13.5 -107 -10.7
165 16.5 -113 -11.3 135 13.5 -112.5 11.25 151 15.1 -113 -11.3
215 21.5 -116 -11.6 151 15.1 -116 -11.6 175 17.5 -117 -11.7
265 26.5 -118 -11.8 175 17.5 -117 -11.7 225 22.5 -125 -12.5
305 30.5 -103 -10.3 225 22.5 -125 -12.5 275 27.5 -125 -12.5
315 31.5 -103 -10.3 275 27.5 -120 -12 304 30.4 -110 -11
360 36 0 0 315 31.5 -98 -9.8 325 32.5 -95 -9.5
315 31.5 103 10.3 345 34.5 -75 -7.5 345 34.5 -75 -7.5
305 30.5 103 10.3 369 36.9 0 0 369 36.9 0 0
265 26.5 118 11.8 345 34.5 75 7.5 345 34.5 75 7.5
215 21.5 116 11.6 315 31.5 99 9.9 325 32.5 95 9.5
165 16.5 113 11.3 275 27.5 125 12.5 304 30.4 108 10.8
135 13.5 107 10.7 225 22.5 125 12.5 275 27.5 120 12
105 10.5 94 9.4 175 17.5 123 12.3 225 22.5 123 12.3
151 15.1 116 11.6 175 17.5 120 12
135 13.5 109 10.9 151 15.1 115 11.5
105 10.5 103 10.3 135 13.5 107 10.7
85 8.5 91 9.1 105 10.5 97 9.7
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a = 90°
t = 1 hr t = 3 hr t =6 hr
x/b, z/b, x/b, z/b, x/b, z/b,
(mm)(mm) (mm) (mm) (mm) (mm)
8.6 9.2 0
6.2 68
4.2 81
2.2 88
0 92.5
- 2.2 88
-4.2 81
- 6.2 68
-9.2 0
- 6.2 -68
-4.2 -81
- 2.2 -88
0 -92.5
2.2 -88
4.2 -81
6.2 -68
9.2 0
6.2
7.5
8.3
8.6
8.3 
7.5 
6.2
6.8
8.3
8.9 
9.1
8.9
8.3 
6.8
6.8
8.1
8.8
9.25
8.8
8.1
6.8
-20
-40
-60
-86
-60
-40
-20
-20
-40
-60
-90
-60
-40
-20
-22
-42
-62
-92
-62
-42
-22
- 8.6
-62
-75
-83
-86
-83
-75
-62
- 6.2
-7.5
-8.3
- 8.6
-8.3
-7.5
- 6.2
-68
-83
-89
-91
-89
-83
-68
- 6.8
-8.3
-8.9
-9.1
-8.9
-8.3
- 6.8
- 6.8
- 8.1
- 8.8
-9.25
- 8.8
- 8.1
- 6.8
42
8.6
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t = 24 hr t = 48 hr t = 72hr
X/b, z/b, x/b, z/b, x/b, z/b,
(mm) (mm) (mm) (mm) (mm) (mm)
100 110
100
110
1005.7
7.8
8.8
9.5
9.7
9.5
8.8 
7.8 
5.7
4.2
6.8
8.7
9.8
10.4
10.5 
10.4
9.8
8.7
6.8
40 87 8.8
9.9
10.4
10.9
10.4
9.9 
8.8
104
105 
104
104
109
104
-20
-40
-60
-80
-100
-80
-60
-40
-20
-20
-40
-60
-80
-100
-110
-100
-80
-60
-40
-20
-20
-40
-60
-80
-100
-110
-100
-80
-60
-40
-20
-10
-57
-78
-88
-95
-97
-95
-88
-78
-57
-5.7
-7.8
- 8.8
-9.5
-9.7
-9.5
- 8.8
-7.8
-5.7
-10
-11
-10
-10
-11
-10
4.2
-40 
-68 
-87 
-98 -9.8
-104 -10.4
-105 -10.5
-104 -10.4
-98 -9.8
-87 -8.7
-68 - 6.8
-40 -4
-42
-70
-88
-99
-104
-109
-104
-99
-88
-70
-42
-4.2
- 6.8
-8.7 - 8.8
-9.9
-10.4
-10.9
-10.4
-9.9
- 8.8
80
100 40
100
110
100
110
-4.2
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Non-plunging case:
a = 15° 
t = 1 hr t = 3 hr t =6 hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
£ cr o z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
240 24 -43 -4.3 260 26 -47 -4.7 260 26 -48 -4.8
260 26 -50 -5 280 28 -61 -6.1 280 28 -65 -6.5
300 30 -65 -6.5 300 30 -69.5 -6.95 320 32 -76.5 -7.65
340 34 -76 -7.6 330 33 -75.5 -7.55 360 36 -86.5 -8.65
380 38 -80 -8 360 36 -81.5 -8.15 400 40 -90.5 -9.05
420 42 -81 -8.1 400 40 -87.5 -8.75 440 44 -99.5 -9.95
460 46 -80 -8 450 45 -89.5 -8.95 480 48 -100.5 -10.05
500 50 -70 -7 500 50 -84.5 -8.45 520 52 -93.5 -9.35
540 54 -56 -5.6 550 55 -67 -6.7 560 56 -76.5 -7.65
573 57.3 0 0 583 58.3 0 0 598 59.8 0 0
540 54 56 5.6 550 55 67 6.7 560 56 76.5 7.65
500 50 70 7 500 50 84.5 8.45 520 52 93.5 9.35
460 46 80 8 450 45 89.5 8.95 480 48 100.5 10.05
420 42 81 8.1 400 40 87.5 8.75 440 44 99.5 9.95
380 38 80 8 360 36 81.5 8.15 400 40 90.5 9.05
340 34 76 7.6 330 33 75.5 7.55 360 36 86.5 8.65
300 30 65 6.5 300 30 69.5 6.95 320 32 76.5 7.65
260 26 50 5 280 28 61 6.1 280 28 65 6.5
240 24 43 4.3 260 26 47 4.7 260 26 48 4.8
119
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
t = 24 hr t = 48 hr t = 72 hr
x/b, z/b, x/b, z/b,x/b, z/b,
(mm) (mm)(mm) (mm) (mm)
360
390
420
450
480
510
560
590
609
590
560
510
480
450
420
390
360
-85
-96
-102
-109
-112
-116
-105
-60
-8.5 360
370
420
460
500
540
580
630
580
540
500
460
420
370
360
-87
-93
-105
-123
-126
-123
-103
-8.7
-9.3
-10.5
-12.3
- 12.6
-12.3
-10.3
370
400
450
500
550
600
640
600
550
500
450
400
370
-89
-102
-115
-128.5
-128
-104
-8.9
- 10.2
-11.5
-12.85
- 12.8
-10.4
42 - 10.2
-10.9
- 11.2
- 11.6
-10.5
60
104
128
128.5
115
102
10.4 
12.8 
12.85
11.5 
10.2 
8.9
60.9 103
123
126
123
105
10.3
12.3 
12.6
12.3 
10.5
9.3 
8.7
105
116
112
109
102
10.5
11.6 
11.2 
10.9 
10.2 
9.6 
8.5
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a = 30°
t=  1 hr t = 3 hr t =6 hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
Jmm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
190 19 -73 -7.3 192 19.2 -78 -7.8 200 20 -79 -7.9
225 22.5 -86 -8.6 225 22.5 -90.5 -9.05 250 25 -103 -10.3
250 25 -95 -9.5 250 25 -97.5 -9.75 300 30 -120 -12
300 30 -107 -10.7 300 30 -109.5 10.95 350 35 -118 -11.8
350 35 -104 -10.4 350 35 -111.5 11.15 400 40 -99 -9.9
400 40 -78 -7.8 400 40 -85.5 -8.55 425 42.5 -78 -7.8
426 42.6 0 0 441 44.1 0 0 452 45.2 0 0
400 40 78 7.8 400 40 85.5 8.55 425 42.5 78 7.8
350 35 104 10.4 350 35 111.5 11.15 400 40 99 9.9
300 30 107 10.7 300 30 109.5 10.95 350 35 118 11.8
250 25 95 9.5 250 25 97.5 9.75 300 30 120 12
225 22.5 86 8.6 225 22.5 90.5 9.05 250 25 103 10.3
190 19 73 7.3 192 19.2 78 7.8 200 20 79 7.9
t = 24 hr t = 48 hr t = 72 hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
200 20 -82.3 -8.23 200 20 -88.5 -8.85 200 20 -92 -9.2
250 25 -106.3 -10.63 250 25 -112.5 11.25 250 25 -113 -11.3
300 30 -124.3 -12.43 300 30 -129.5 12.95 300 30 -129 -12.9
350 35 -130.3 -13.03 350 35 -129.5 12.95 350 35 -137 -13.7
400 40 -116.3 -11.63 400 40 -120 -12 400 40 -125 -12.5
425 42.5 -101.8 -10.18 450 45 -83.5 -8.35 450 45 -98 -9.8
475 47.5 0 0 480 48 0 0 480 48 0 0
425 42.5 101.8 10.18 450 45 83.5 8.35 450 45 98 9.8
400 40 116.3 11.63 400 40 120 12 400 40 125 12.5
350 35 130.3 13.03 350 35 129.5 12.95 350 35 137 13.7
300 30 124.3 12.43 300 30 129.5 12.95 300 30 129 12.9
250 25 106.3 10.63 250 25 112.5 11.25 250 25 113 11.3
200 20 82.3 8.23 200 20 88.5 8.85 200 20 92 9.2
121
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
a = 45°
t = l  hr t = 3 hr t=6 hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
125 12.5 -78 -7.8 125 12.5 -84 -8.4 135 13.5 -88.5 -8.85
150 15 -87 -8.7 150 15 -92 -9.2 150 15 -97.5 -9.75
200 20 -93.5 -9.35 200 20 -97 -9.7 200 20 -104.5 -10.45
250 25 -95 -9.5 250 25 -99 -9.9 250 25 -106.5 -10.65
300 30 -88 -8.8 275 27.5 -104 -10.4 300 30 -107.5 -10.75
325 32.5 -72 -7.2 325 32.5 -83.5 -8.35 340 34 -94.5 -9.45
360 36 0 0 372 37.2 0 0 387 38.7 0 0
325 32.5 72 7.2 325 32.5 83.5 8.35 340 34 94.5 9.45
300 30 88 8.8 275 27.5 104 10.4 300 30 107.5 10.75
250 25 95 9.5 250 25 99 9.9 250 25 106.5 10.65
200 20 93.5 9.35 200 20 97 9.7 200 20 104.5 10.45
150 15 87 8.7 150 15 92 9.2 150 15 97.5 9.75
125 12.5 78 7.8 125 12.5 84 8.4 135 13.5 88.5 8.85
t  = 24 hr t  = 48 hr t  = 72 hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
135 13.5 -94.3 -9.43 150 15 -97 -9.7 150 15 -99.5 -9.95
150 15 -101.3 -10.13 200 20 -107 -10.7 200 20 -111.5 -11.15
200 20 -108.3 -10.83 250 25 -113 -11.3 250 25 -112 -11.2
250 25 -107.3 -10.73 300 30 -118 -11.8 300 30 -117.5 -11.75
300 30 -112.8 -11.28 350 35 -100 -10 344 34.4 -105.5 -10.55
350 35 -97.3 -9.73 375 37.5 -77 -7.7 375 37.5 -88.5 -8.85
375 37.5 -84.3 -8.43 412 41.2 0 0 415 41.5 0 0
412 41.2 0 0 375 37.5 77 7.7 375 37.5 88.5 8.85
375 37.5 84.3 8.43 350 35 100 10 344 34.4 105.5 10.55
350 35 97.3 9.73 300 30 118 11.8 300 30 117.5 11.75
300 30 112.8 11.28 250 25 113 11.3 250 25 112 11.2
250 25 107.3 10.73 200 20 107 10.7 200 20 111.5 11.15
200 20 108.3 10.83 150 15 97 9.7 150 15 99.5 9.95
135 13.5 94.3 9.43
135 13.5 -94.3 -9.43
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a = 90°
t = 1 hr t = 3 hr t =6 hr
x/b, z/b, x/b, z/b, x/b, z/b,
(mm) (mm) (mm)(mm) (mm) (mm)
9.28.5 9.4
44.5 4.45
68.5 6.85
82.5 8.25
88.5 8.85
90.5 9.05
88.5 8.85
82.5 8.25
68.5 6.85
44.5 4.45
5.1
7.4
8.5
9.1
9.4
9.1
8.5 
7.4
5.1
7.5 
8.2
8.6 
8.2 
7.5
20 40 40
-20
-40
-60
-85
-60
-20
-20
-40
-60
-80
-92
-80
-60
-40
-20
-20
-40
-60
-80
-94
-80
-60
-40
-20
-8.5
-60
-82
-86
-82
-75
-60
- 8.2
- 8.6
- 8.2
-7.5
-9.2 -9.4
-44.5 -4.45
-68.5 -6.85
-82.5 -8.25
-88.5 -8.85
-90.5 -9.05
-88.5 -8.85
-82.5 -8.25
-68.5 -6.85
-44.5 -4.45
-51
-74
-85
-91
-94
-91
-85
-74
-51
-5.1
-7.4
-8.5
-9.1
-9.4
-9.1
-8.5
-7.4
-5.1
40
8.5
40
9.2 9.4
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t = 24 hr t = 48 hr t = 72 hr
X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo X
(mm)
x/bo z
(mm)
z/bo
100 10 0 0 110 11 0 0 112 11.2 0 0
82.5 8.25 56.5 5.65 98 9.8 55.5 5.55 99.5 9.95 56.5 5.65
60 6 79.5 7.95 80 8 86 8.6 80 8 86.5 8.65
40 4 88.5 8.85 60 6 96 9.6 60 6 97.5 9.75
20 2 94.5 9.45 40 4 106 10.6 40 4 105 10.5
0 0 97 9.7 20 2 108 10.8 20 2 110 11
-20 -2 94.5 9.45 0 0 110 11 0 0 112 11.2
-40 -4 88.5 8.85 -20 -2 108 10.8 -20 -2 110 11
-60 -6 79.5 7.95 -40 -4 106 10.6 -40 -4 105 10.5
-82.5 -8.25 56.5 5.65 -60 -6 96 9.6 -60 -6 97.5 9.75
-100 -10 0 0 -80 -8 86 8.6 -80 -8 86.5 8.65
-82.5 -8.25 -56.5 -5.65 -98 -9.8 55.5 5.55 -99.5 9.95 56.5 5.65
-60 -6 -79.5 -7.95 -110 -11 0 0 -112 11.2 0 0
-40 -4 -88.5 -8.85 -98 -9.8 -55.5 -5.55 -99.5 9.95 -56.5 -5.65
-20 -2 -94.5 -9.45 -80 -8 -86 -8.6 -80 -8 -86.5 -8.65
0 0 -97 -9.7 -60 -6 l CO O) -9.6 -60 -6 -97.5 -9.75
20 2 -94.5 -9.45 -40 -4 -106 -10.6 -40 -4 -105 -10.5
40 4 -88.5 -8.85 -20 -2 -108 -10.8 -20 -2 -110 -11
60 6 -79.5 -7.95 0 0 -110 -11 0 0 -112 -11.2
82.5 8.25 -56.5 -5.65 20 2 -108 -10.8 20 2 -110 -11
100 10 0 0 40 4 -106 -10.6 40 4 -105 -10.5
60 6 -96 -9.6 60 6 -97.5 -9.75
80 8 -86 -8.6 80 8 -86.5 -8.65
98 9.8 -55.5 -5.55 99.5 9.95 -56.5 -5.65
110 11 0 0 112 11.2 0 0
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